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ABSTRACT 
The scope of the problem with generalized linear power amplifiers is herein addressed.  In this paper, 
after an introduction to the problem of linearity and power amplifiers is addressed, a survey of various 
design issues from PA topology, materials, and linearization electronics is given.  Following this, a 
look toward future work in this very active area of current research is also offered. 

1. INTRODUCTION 

In this paper, a core problem that continues to confront the successful development of a true software 
defined radio (SDR) is addressed – that is the ultimate broadband linear power amplifier (PA).  The 
PA is a critical system element in the design of any two-way radio system.  However, the PA is even 
more critical in the successful design of a software definable radio.  A software definable radio must, 
in theory, be capable of handling many different types of waveforms, many different bandwidths, 
many different bands, and even many different transmission and reception power levels.  It is now 
feasible to design electronics to handle most functions of the SDR with a very notable exception of the 
power amplifier. 

Why the power amplifier is truly a bottleneck to a flexible radio system design will be discussed in 
Section II.  In Section III, various parameters of interest relating to the control and response of the PA 
are briefly noted.  In Section IV, a brief overview of types of power amplifiers is given.  Section V 
introduces various semiconductor materials used in the fabrication of power amplifiers.  Section VI 
reviews the basic topology of a single transistor based power amplifier design.  In Section VII, an 
overview of current electronic PA linearization techniques is offered.  The many techniques developed 
to date have been well papered (both in publications and in patents) - see [1], [2], and [3] and the many 
references therein for starters.  Volumes have also been written on the subject.  It is apparent that 
current PA technology has required the deployment of such techniques for various design 
optimizations.  Finally, Section VIII concludes with a look toward the future with promising new 
materials technologies that, when coupled with appropriate linearization electronics, indeed one day 
may yield a truly linear power amplifier for SDR. 

2. THE PA BOTTLENECK:  WHY LINEARITY IS BOTH IMPORTANT AND DIFFICULT 

The power amplifier, usually based on a very small number of transistors (typically two at most – more 
commonly only one), is critical to the proper generation of radio signals for the transmitter part of the 
radio.  Ideally, we would like to believe our radio system to be completely linear throughout the 
transmitter signaling chain.  Usually, as a matter of consequence from design with imperfect 
components, linearity is extremely difficult to achieve.  Even though linearity may be approached in 
the small signal design region of the radio, it is exceedingly more difficult to maintain the level of 
linearity in large signal amplification. 



Approximate linearity can be reached easily when a PA is operated “backed-off” and transmit 
modulated signals are constant envelope [1], [2].  Backed-off implies the transistor part of the PA 
design is kept biased and operated in such a way that it does not enter the saturation region of its 
operating characteristics (typically we would rather not operate it in cut-off either as this causes the 
familiar concept of switch ringing which translates to increased spectral re-growth).  Recall that a 
forward biased transistor typically has three forward biased operating regions – cut-off, linear, and 
saturation and has two reverse bias operating regions – reverse-bias small signal and reverse-bias 
avalanche breakdown.  Most PA transistor classes are operated in the forward biased mode.  {In 
saturation, an infinitely more amount of voltage drive will not cause additional current increases as 
illustrated in Figure 1.} 
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Figure 1:  Basic FET Transistor I/V Curves 
 

2.1  Modulation Peak-to-Average Ratio 
Radio communications waveforms in general should not be constrained to have constant envelope 
features associated with them.  The parameter that is a measure of the amount of non-constant 
envelope is called the peak-to-average ratio.  Typically measured in dB, the peak-to-average ratio is 
defined as the ratio of peak power to average power in the modulation portion of the signal (it does not 
involve the carrier in any way).  Many waveforms have moderate peak-to-average ratios while some 
waveforms, such as wideband code-division multiple access (WCDMA) signaling, can experience 
peak-to-average ratios of 12 dB or more (depending on traffic conditions).  Such a situation presents 
difficulties to the PA designer trying to optimize for several design parameters. 

2.2 Back-off Useful Range 

Additionally, a PA transistor cannot necessarily maintain a proper “backed-off” operating point over 
the full range of temperatures and frequencies it may be expected to operate.  This problem is nearly 
completely decoupled from the modulation peak-to-average ratio problem because the problem is also 
manifested for constant envelope modulation [1].  These problems add in the SDR in such a way that 



make the general software defined radio prohibitive without special consideration for the design of the 
PA and its surrounding electronics.  Current trends involving design of power amplifiers    

3.  BRIEF OVERVIEW OF PA PARAMETERS OF INTEREST 

Various PA parameters relevant to the design of radio systems are now described herein.  These are 
PA specific design parameters and are thus the parameters that a PA designer would be most 
concerned with in the course of designing an isolated PA to given specifications.  It is important to 
note that PA parameters can be optimized within a trade-space.  Most modern PA designs are therefore 
optimized for specific use cases. 

The power amplifier transistor itself, like any electronic component, has certain key parameters that 
govern its performance in a system.  Broadly speaking, three categories of parameters provide useful 
information about the performance of any amplifier device or subsystem:  Device level parameters 
(transistor alone), sub-system level parameters (transistor plus basic control circuitry) and system level 
parameters (transistor operating in entire system).  Device or subsystem related operational parameters 
are generally provided, measured and/or calculated by device or subsystem manufacturers.  
Performance related parameters are most often specified and verified by the communication systems 
designer. 

Device level parameters include parameters typically related with transistors and include such 
parameters as (device current gain), VBV (reverse breakdown voltage), (device transconductance or 
mobility parameter), Idq (drain bias current), etc.  These parameters specify characteristics that are 
common to the process on which the semiconductor transistor was fabricated, such as a GaAs 
(Gallium-Arsenide) process or bipolar MOS (metal oxide semiconductor) process.  Device parameters 
are generally somewhat consistent from fabrication within a lot.  Lot to lot variations of semiconductor 
parameters can be somewhat controlled consistency, but are generally not nearly consistent enough to 
provide the required linearity performance demanded by modern communications systems.  It is 
important to note, recalling Figure 1, that transistors are inherently non-linear to begin with and the 
inherent device non-linearity is further aggravated by thermal issues and charge trapping, both of 
which contribute to non-linearity that is not time stationary [microwave journal article].  However, 
system level parameters can be controlled to consistency with the use of clever control and 
linearization circuits targeted toward tracking and controlling device level parameters.  Further detail 
about device parameters and various theoretical and empirical formulae that describe the device in 
terms of these parameters can be found in [5] and [6], among many others. 
 
System parameters particular to power amplifiers that provide important information about overall 
system level performance include parameters common to other RF circuits, such as IIP3 (third order 
intercept) and noise figure.  These parameters convey component or subsystem performance 
information involving the power amplifier to the rest of the system for a figure of merit that can be 
derived for the entire signaling chain of a communication system.  Other PA figures of merit include 
power added efficiency, gain, and linearity.  Typically, these figures of merit are relegated to the 
power amplifier subsystem designer for optimization thereof.   
 

3.1 Linearity 
 



The two most important PA characteristics the system designer will be interested in are (in order of 
importance) linearity and efficiency.  Linearity is often summarized for the PA by the IIP3 (input 
referred third order intercept point) and P1dB (1 dB compression point) parameters. Although these 
parameters do not offer the complete portrait of the PA’s non-linearity, they do serve as a guideline for 
link budget and design margin calculations.  Linearity determines the amount of spectral re-growth, in 
adjacent channels, that will occur when transmitting modulation signals.  Linearity also determines the 
overall accuracy of the transmitted modulation.   
 
The IIP3 point directly determines the signal dynamic range available to the signal through the PA.  
IIP3 is given by the following expression [2], [4]: 
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Where α1 represents linear gain and α3 represents third order distortion term gain and Rs is the source 
resistance.  The ideal linear circuit has IIP3=∞.  With such an IIP3, a signal of infinite amplitude can 
pass fully undistorted through the circuit.  In other words, high IIP3 translates to equally high signal 
dynamic range of the circuit and to correspondingly low distortion.   

P1dB is given by [2], [4]: 
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The P1dB point is the input power required to drive a desired output signal 1 dB into compression. That 
is, P1dB is the input power level, which will cause the linear output power to be off by 1 dB from what 
it should be given perfect linearity.  Similar to IIP3, the perfectly linear P1dB is infinite (which says that 
no matter how hard we drive input power, the output power perfectly reflects input power through a 
constant gain).  Of course no such perfect devices exist (except on paper) and thus these parameters 
give an indication of the distortion present in real devices or amplifier subsystems. 

3.2 Efficiency 

Efficiency is nearly as important as linearity as it translates into cost.  It is extremely difficult to 
optimize a PA for both linearity and efficiency.  This is because in the linear operating region of a 
transistor, current is given up equally (or nearly so) with voltage and thus the transistor dissipates heat 
just like a resistor in its linear operating region, causing inherent inefficiency.  On the other hand, if a 
100% efficient (or nearly so) device is required, then the best one can hope for is to operate the 
transistor as a switch, where, in the “off” and “on” states, it acts as a theoretical high impedance and 
spends little time in the linear region.  This becomes a problem for linearity because the transistor is 
either operating in cut-off or saturation and never in between, where the linear region is of course. 

Basically, two types of efficiency number calculations describe the overall efficiency of the PA:  
Power efficiency, calculated as [4] 

supply
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simply describes the power delivered into the load (e.g. antenna) from the total power supplied to the 
PA (from the combination of supply and driver stage power input power).   

The other important efficiency term is the power added efficiency or PAE.  PAE is calculated as: 

PAGP
PPPAE η
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and describes that power added by the PA transistor alone, from the total power supplied, discounting 
any input power provided by the driver stage.  PAE is just an isolated measure of what power is 
provided by the PA transistor alone.   

Efficiency is a secondary concern usually wrapped up in power budgets and component costs, and is 
thus more of a business driven parameter, whereas linearity, on the other hand, directly applies to the 
distortion performance of the communication system transmitter design and thus determines whether a 
given design will meet fundamental operating requirements. 

4. CATEGORIES AND TOPOLOGIES OF POWER AMPLIFIERS 

Although a number of classes of power amplifier operation have been characterized, only three of the 
more relevant types for SDR will be discussed here.  Recalling the basic shape of the transistor Vin/Vout 
curve family (see again Figure 1), it can be seen that there are a continuum of possible operating 
regions given a range of input voltage (or current).  The operating point, set by proper biasing of Idq, 
defines the amplifier type.  Three classes of power amplifiers commonly found in communication 
systems are now described. 

4.1 Class A 
The class A amplifier is operated in a bias condition such that no matter what range of input signals is 
presented to the class A PA, it will remain in the linear region of operation.  The quiescent operating 
supply current (the current present in the transistor drain) is the current value when the input voltage 
transitions through zero and is strictly non-zero in class A operation.  The general topology is of the 
class A PA is shown in Figure 2 [4] below. 
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Figure 2:  Class A Amplifier Topology 
 

Notable in the topology are the common source configuration (to optimize efficiency), the RF choke 
inductor (to limit power supply induced RF ripple due to amplification), the DC blocking capacitor (to 



AC couple to match stage and prevent bias point perturbation), the bias circuit (to force the operating 
point of the gate to a certain voltage) and the impedance matching output circuit (to ensure optimized 
energy transfer into the load).  It is also common to connect a tuned tank circuit in parallel with the 
load in order to achieve high gain and further reduce distortion.  This is also shown in the basic 
topological diagram of Figure 2.  Linearity of the class A PA is highly dependent upon the fabrication 
material and bias conditions and is usually obtained (by measure of calculation) from manufacturers’ 
data sheets.  Efficiency of the class A PA ranges as 30-45%.  
 

4.2 Class B 
Class B operation is more efficient than class A, but less linear.  In class B operation, Idq, or the 
quiescent drain current, is biased into the cut-off region of the transistor.  During negative half cycles 
of the voltage waveform, the drain current is zero since the transistor is in cut-off.  The output voltage 
will still swing positively (the gate-to-source voltage is always positive).  This bias condition causes 
the voltage to swing with positive RMS voltage, whereas the current swings with typically less than 
half the RMS current of class A operation, thus increasing the efficiency to π/2 times that of class A.  
The same topology is used as in class A with the exception of bias circuitry.  Class B, like class A, is 
considered linear operation, even though the current supply waveform is have-wave rectified which 
does in fact introduce some mild non-linearity usually seen as slightly increased IIP3. 
 

4.3 Class F 
Class F operation is a fully non-linear operation of the power amplifier.  Class F amplifiers are driven 
into non-linear saturation and thus produce a limiting effect on the input signal, causing harmonic 
distortion to varying degrees.  The basic topology of the class F PA is shown in Figure 3 [4] below: 
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Figure 3:  Class F Amplifier Topology 

The tuned LC tank seen in the topology of the class F is, unlike class A and class B operation, not an 
optional circuit.  It is required to harmonically select the desired carrier signal from the PA output.  
The quarterwave transmission line shown acts as an even harmonic blocker and thus causes the PA to 
act as a square-law device to the LC tank circuit.  The action then of the tank is to select the carrier 
from the large number of overtones generated by the square-law effect.  Class F can be operated at 
100% efficiency.  The main drawback of class F operation is that it does not perform well for anything 
other than constant envelope modulation.  Any significant non-constant envelope modulation 



introduces severe spectral re-growth.  This property thus limits the scope of class F amplifiers.  They 
are still useful and used, however, in many narrowband constant envelope modulation schemes. 
 

4.4 Hybrid and Other Classes 
There are also classes of PA operation, such as the class AB operation, which is a hybrid combination 
of class A and class B operation.  A device operating in class AB will exhibit some characteristics of 
class A in some operating modes and exhibit class B in other operating modes.  Such combination 
classes can be used to attempt to optimize linearity and efficiency within certain design constraints.   

Similarly to hybrid classes, there are other classes, such as class E and S.  Class S is a completely 
switching amplifier, often used in power supply design.  Class E is a more complicated forward biased 
class S.  Also, classes C, D, G and H exist as variations on class S [1]. 

5. MATERIALS FOR LINEAR POWER AMPLIFIER TRANSISTOR DEVICES 

Materials commonly in use to fabricate the PA transistor and that govern its operating characteristics 
such as linearity, efficiency, power gain and maximum frequency of operation include doped silicon 
(used to fabricate both bipolar junction and MOS FET transistors), gallium-arsenide (GaAs) and more 
recently silicon-germanium (SiGe – silicon doped with germanium).  SiGe is used for lower power 
applications that require enhanced speed and lower power consumption, while variations of MOS (e.g. 
LDMOS – laterally diffused MOS) and GaAs are used for higher power applications.  GaAs is 
currently almost used exclusively for high power and high frequency operation. 

Due to space limitations, it is beyond the scope of this paper to discuss the semiconductor structural 
geometries and related to the solid-state physics attached thereto, important though it is.  The 
interested reader is referred to any of a number of fine references on this and related topics.  See for 
example [5], [6]. 

6. LINEARIZATION ELECTRONICS:  THEORIES, TECHNOLOGIES, AND TOPOLOGIES 

Transistor materials provide the basic underlying physics of the amplifying transistor for a PA.  The 
rest of the PA design, which causes the power transistor to operate with desired characteristics, is up to 
the PA subsystem designer.  Typically, in addition to matching networks, bias control circuitry, and 
power supply, the PA subsystem designer is concerned with some aspect of linearization and/or 
efficiency.   

In order to understand more about the problem of linearization, it will help to examine just what the 
effects of non-linearity are on signals.  To see the effects, some signals and spectra before and after 
non-linearity of the PA are shown.  In Figure 4, a QPSK signal constellation with transitions is shown.  
This signal is modulated baseband straight out of a QPSK modulator.   

In comparing Figure 4 with Figure 5 the effect of a non-linear PA using a GaAs FET on the QPSK 
signal emerges.  Distortion effects can be clearly seen as peak squashing (gain compression) and 
rotation (phase shifting).  Such warping distortion makes it difficult for a receiver to recover the signal, 
especially when the non-linearity has been passed through a channel with memory effects [8].  Most 
channels indeed produce memory effects, which further complicate any non-linear effects produced by 
the transmitter. 



 

Figure 4:  QPSK Signal Constellation at Modulator 
 



 
Figure 5:  QPSK Signal Constellation After PA 

 
6.1 AM-AM and AM-PM Conversion 
PA non-linearity is most commonly summarized as AM-AM and AM-PM conversion [kensington].  
AM-AM (AM-to-AM) conversion is the direct result of gain compression, which can easily be viewed 
from the Pout / Pin curve (gain curve).  P1dB is a point on this curve.  Compression is easily seen in the 
gain when the transistor starts to operate into the saturation region.  PA output spectrum is generally 
more sensitive to gain compression.   

AM-PM conversion is an indirect result of gain compression and operation of the transistor in 
saturation.  As the PA is operated in more and more gain compression, its amplitude becomes limited 
and a resulting effect of this limiting shows itself as additional phase shift.  The characteristics of the 
additional phase shift can be quite pronounced.  AM-PM causes the most damage to EVM (error 
vector magnitude), which is a measure of the accuracy of the modulation through the transmitter [9].  
Figure 6 shows a measured AM-AM and AM-PM characteristic as a function of input power as 



measured in GaAs MESFET power transistor using a network analyzer.  The non-linear profile of the 
PA over input power range is seen clearly from these graphs. 

 

Figure 6:  QPSK Signal Constellation After PA 

Figure 7 shows a spectrum calculation before and after the PA of the broadband QPSK modulation 
from Figures 4 and 6.  Before the PA, the spectrum is contained within its original bandwidth of 3.84 
MHz.  After the PA with AM-AM and AM-PM characteristics of Figure 6 the spectrum is computed 
and overlaid in blue.  Spectral re-growth arising from gain compression can clearly be seen.  At 5 MHz 
offset from center, a re-growth term of approximately 25 dB is now added, which severely impedes 
signaling in the next channel. 



 

Figure 7:  QPSK Spectrum Before and After PA Non-linearity 
 

6.2 Other Forms of Non-linearity 
Other forms of non-linearity (other than AM-AM and AM-PM conversion) exist in the PA.  For 
instance, the frequency response is the PA transistor is non-constant with frequency.  Not only is non-
constant with frequency, but it is also not a linear phenomenon with frequency.  The frequency 
response is highly non-linear in fact.  In Figures 8 and 9 a frequency response of an LDMOS transistor 
as measured at ambient conditions and in terms of AM-AM and AM-PM is shown.  Clearly, this 
transistor does not exhibit linear behavior over frequency.  The problem is further exacerbated by 
thermal fluctuation, which is inevitable in any practical design. 
 



 
Figure 8:  Frequency Response of AM-AM for LDMOS PA Transistor 

 

Figure 9:  Frequency Response of AM-PM for LDMOS PA Transistor 
 
 
 



 6.3 Non-linear Modeling 
PA non-linearity modeling is the subject of numerous articles, books, papers, and patents.  The most 
popular techniques for modeling non-linearity have made their way into software CAE tools.  The two 
most popular analysis models for PA non-linearity for large carrier with constant envelope modulating 
waveforms are harmonic balance and large-signal-small-signal analysis techniques [Maas].  For 
modulation that is small signal and/or non-constant envelope, the power series and Volterra series 
models work best [Maas].  All models are rooted in the basic polynomial expansion describing a signal 
through an nth order non-linear distortion.  The basic expansion is given as [1]-[3]: 
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where n is typically infinite for a real circuit, although the non-linearity expression is usually truncated 
for practical modeling reasons and because the non-linearity terms become vanishing small for large 
orders in the typical cases.  Also note that the expansion in (5) can be readily solved for a given circuit 
given one to two pure sinusoidal (or exponential) inputs, tedious though it may be.  For arbitrary 
complex modulation, however, the expression becomes unwieldy and therefore the use of numerical 
techniques becomes imperative. 

Non-linear modeling techniques have made their way into software CAE tools.  The two most popular 
analysis models for PA non-linearity for large carrier with constant envelope modulating waveforms 
are harmonic balance and large-signal-small-signal analysis techniques [4].  For modulation that is 
small signal and/or non-constant envelope, the power series and Volterra series models work best [4].  
All models are rooted in the basic non-linear expansion of equation (5). 

In Figure 10, a polynomial model is estimated for the GaAs MESFET PA non-linearity shown in 
Figure 6.  It can be seen that the degree of the approximation polynomial indeed contributes to model 
accuracy.  A 3rd through 11th order polynomial model (in odd steps) is calculated for the gain 
compression effect.  In Figure 11, the same QPSK spectrum shown in Figure 7 is shown with a model 
derived from an 11th order polynomial and used to predict the average (in MSE) spectral re-growth due 
to the AM-AM effect of the PA. 



 

Figure 10:  Polynomial Approximation to the PA AM-AM Non-linearity 
 

 
Figure 11:  QPSK Spectrum Before and After PA Non-linearity Compared to Model (red) 



 

6.4 Linearization Techniques 
Linearization techniques, the goal of which is to somehow cancel all higher order terms in equation (5) 
so that only the linear term, α1x(t), remains after amplification by the PA, fall into three main 
categories (and additional hybrid categories).  The techniques fall into fairly standard, as one might 
guess, feedback cancellation and feedforward cancellation categories.  Additionally, there is a category 
called predistortion that a number of linearization techniques fall into.  Feedback techniques utilize the 
feature of a closed loop to provide canceling signals at or before the source input to the PA.  
Feedforward techniques attempt to discover the non-linearity along the transmit signal path and 
subtract an amplified version of it from the PA output.  In predistortion linearization techniques, an 
attempt is made to characterize the PA non-linearity function in terms of its parameters (e.g. gain and 
phase compression characteristics) and use the inverse non-linearity as a pre-warping function inserted 
somewhere in the PA input signal chain.  Extensive detail on PA classes, design theory and 
linearization theories can be found in [1], [2].  A brief discussion of each category of linearization 
techniques will be given here. 
6.4.1 Feedback Methods 
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Figure 12:  Feedback System 

Several feedback methods have been developed and some remain in service to date [1].  Probably the 
earliest PA feedback linearization technique proposed and subsequently deployed was the Cartesian 
loop [10].  The Cartesian loop, like most feedback techniques in general, rely on a simple principle of 
attenuation feedback to develop an error term that is close to the desired signal.  The basic idea can be 
reduced to Figure 12.  In this figure, three elements can be seen – the PA (which has presumed 
distortion with gain G), the attenuator (with gain of 1/K) in the feedback path, and the voltage (or 
current) subtracter.  The action of the loop is to produce an attenuated version of the ideal signal, x(t), 
at the PA output based on the feedback formula: 
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This occurs because G >> K so that G + K ≈ G to a reasonable degree and therefore the output is: 

)()( tKxty =                (7)  

The only drawback is that the output signal gain, K, is much less than the PA gain, G.  This usually 
means a significantly larger transistor than would otherwise be necessary is required to obtain the 
stability and reliability provided by this family of techniques.  Some clever feedback processing can 
sometimes alleviate the drawback, as seen in the distortion feedback method.  Figure 13 illustrates the 
distortion feedback technique.  It can be seen from the figure that feedback from the PA is passed 
through variable gain and phase attenuators that attempt to isolate just the distortion component.  The 
input signal is used as a reference for a distortion-free signal.  The subtraction is made and gain 
adjusted and then re-coupled to the input of the PA. 
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Figure 13:  Distortion Feedback System 
 

6.4.2 Feedforward Methods 
Feedforward techniques [1]-[2] are much less popular in practice because of the significant effort 
involved in calibrating, generating, and amplifying the correction term.  The basic idea is illustrated in 
Figure 14.  The input signal is split into the PA input and a delay compensated subtracter.  The PA 
output is coupled into a main output path (further delay compensated) and into the subtracter.  The 
subtracter subtracts isolates the distortion from the PA, is further amplified by the error amplifier and 
re-coupled with the main amplified signal path to provide the distortion compensation. 
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Figure 14:  Feedforward System 
 

6.4.3 Predistortion Methods 
Predistortion techniques, though conceptually simple in practice to implement, rely on accurate 
measurement of PA parameters to implement properly.  The basic concept is illustrated in Figure 15.  
The idea is to create a counter distortion function (or pre-warping function) that mimics the inverse of 
the non-linearity present in the PA.  This pre-distortion function is typically nothing more than a look-
up table containing the inverse Vin vs. Vout curve that the PA will produce.  The function can be 
implemented at RF, IF or in baseband.  Baseband predistortion inserts the inverse non-linearity directly 
on the complex modulation format and is thus operated in the I/Q domain, which requires the use of a 
complex multiplier (among other elements).  In Figure 16, an input signal spectrum is shown on the 
same scale with the spectral re-growth due to AM-AM alone, then due to AM-AM and AM-PM 
conversion, and then finally the cancellation spectrum due to a predistorted version of the original 
signal. 
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Figure 15:  Predistortion System 



 

 

Figure 16:  QPSK Spectrum Before PA Non-linearity and After AM-AM, AM-AM plus AM-
PM and Predistortion 

 
6.4.4 Other Methods 
A significant body of methods that are not quite feedback, feedforward, or predistortion techniques 
(but often hybrid combinations of one or more of these techniques) does exist.  Such techniques deploy 
fancy signal processing techniques to achieve linearity.  Examples are envelope elimination and 
restoration, LINC, and vector locked loop methods.  Each technique has its own set of advantages and 
disadvantages.  More details can be found in [1].   

6.5 Performance Criteria 
Linearity, stability and reliability performance of the linearized PA is ultimately measured statistically 
in terms of power accuracy, adjacent channel spectral re-growth, and EVM (error vector magnitude).  
Standard spectrum calculations are made from the demodulated signal using the FFT to determine 
adjacent channel spectra.  Power accuracy is usually determined with a transmitter tester that is 
capable of demodulating.  Finally, EVM is calculated from the demodulated constellation in a 
statistical averaging sense.  The RMS error vector is defined by ETSI [11] as: 
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where Sideal(k) are samples of the ideal transmitted modulation waveform and 

)()()( kSkSkE idealtx −=                   (10) 

is the residual error on sample Sideal(k) when compared with what was measured from the transmitter.  
E(k) is essentially a magnitude and phase vector offset from ideal in the I/Q modulation domain.  
Practical calculations for EVM, given transmitted and reference signal samples, using available 
software tools such as MATLAB® from The Mathworks are given in [9]. 
 

7. ON THE HORIZON:  PROMISING NEW MATERIALS AND TECHNOLOGIES 
 
Recently, a plethora of new materials for fabricating power amplifier transistors has shown promise 
[spectrum].  Silicon-carbide (SiC), indium-phosphide (InP), and gallium-nitride (GaN) materials have 
made their way to the forefront of active research and development for a number of companies, as 
indicated in [12].  Such materials promise the possibilities of high power, high efficiency and high 
linearity within the same transistor over a wide range of operating conditions.  GaN for instance 
combines the properties of wide bandgap, high electron mobility, and thermal stability to provide the 
desirable features of high reverse breakdown voltage (from the wide bandgap), high current density 
and fast switching (from mobility), and stability over temperature. 
 
No matter what type of material is used in the future for the power transistor, however, linearity will 
never perfectly be achieved.  Due to the sheer speed of this new lineup of materials, however, equally 
advanced, yet parsimonious, linearization schemes will certainly be required to push performance 
levels to new extremes demanded by SDR applications.  The path taken by such endeavors is bound to 
lead to the possibility of a true SDR capable PA component that exhibits linearity over a wide range of 
optimization parameters such as carrier frequency, temperature, input voltage, and modulation formats. 
 

8. CONCLUSIONS 

In this paper, the power amplifier has been examined in the perspective of systems engineering, along 
with some its non-linear properties.  The power amplifier transistor has fundamental physical 
limitations which cause non-linearity to occur.  A PA transistor cannot easily be made linear over a 
significant operating bandwidth, temperature range, or a dense set of modulation schemes.  These 
limitations combine to limit the effectiveness of the PA as a general SDR component.  It may be 
possible with the use of new materials such as InP combined with advanced linearization electronics, 
that a generic SDR PA element can indeed be constructed.  Only the future will tell. 
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