
 
 
 
 
 
 
 
 

ABSTRACT 
 

Multidimensional Power Amplifier Circuit Optimizations for Adaptive Radar 
 

Matthew Fellows, Ph.D. 
 

Mentor: Charles P. Baylis II, Ph.D. 
 
 

 As wireless technology and dynamic spectrum allocation continue to proliferate, 

the ability to dynamically reconfigure radar transmitter power amplifiers will become 

necessary for adaptive radar.  Reconfigurable transmitters will require the ability to tune 

input parameters such as load impedance, waveform bandwidth, and amplifier bias 

voltage to provide excellent performance while adjusting to real-time changes in 

requirements.  This dissertation presents design tools and search algorithms to maximize 

power-added efficiency (PAE) while providing compliance with spectral regulations and 

transmitting sufficient power.  The presented contributions include 1) the  metric for 

spectral compliance, 2) the Smith Tube as a tool for design and optimization, 3) 

optimization algorithms to maximize waveform bandwidth using the Bandwidth Smith 

Tube, 4) an optimization for power-added efficiency under adjacent-channel power ratio 

(ACPR) constraints in the Bias Smith Tube, and 5) an optimization for power-added 

efficiency, adjacent-channel power ratio, and output power demonstrated on the Smith 

Chart and in the Bias Smith Tube.  These algorithms will be applicable to real-time 

reconfiguration for adaptive radar systems. 
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CHAPTER ONE

Introduction 

 
The ever-increasing number of wireless devices has resulted in a spectrum 

management crisis which is pushing innovation in radar and communication systems.  

Many currently operating systems are designed for a situation where frequency spectrum 

is not in high demand, which means that those systems are not positioned to be good 

neighbors in a more congested environment.  The National Broadband Plan, released in 

2010, mandates the re-allocation of 500 MHz of spectrum for wireless applications by 

2020.  The pressure to re-allocate has resulted in frequency sharing in some bands 

primarily allocated to radar systems.  The research described in this dissertation seeks to 

contribute to the next-generation radar systems through the development of search 

algorithms.  These search algorithms will seek to make those radar systems better spectral 

“neighbors” by giving them the ability to adjust the input parameters for their power 

amplifiers to new requirements in real time.  

Radar’s answer to the growing spectrum access problem is adaptive radar, which 

is envisioned as a type of radar system that will be able to adjust its operating 

characteristics to meet changing requirements [1].  This would be especially useful in a 

potential dynamic spectrum access environment, which is a path the regulation may take 

to allow certain frequency bands to be shared between multiple users.  In order for 

cognitive radar systems to become reality, algorithms will be needed for optimizing the 

various components of the new radar system. 
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This research is a continuation of previous work by the author which used a 

gradient-based search algorithm to quickly find the load impedance  for a power 

amplifier which would maximize power-added efficiency (PAE) within a limiting 

constraint on adjacent-channel power ratio (ACPR) [2].  PAE is a measure of the 

efficiency with which the power amplifier converts DC input power to RF output power 

and is defined by the equation  

 

 

ACPR compares the output power in a defined adjacent frequency band to the output 

power in the main frequency band used by a power amplifier.  The power in the adjacent 

band is typically caused by spectral spreading because of pushing the power amplifier 

into a non-linear mode of operation [3].  Non-linear operation of a power amplifier is 

typically desirable for acquiring better efficiency from a power amplifier, but the 

resulting spectral spreading can result in a failure of spectral regulations – especially as 

those regulations become stricter in the future.  

While that previous work was successful in quickly optimizing a power 

amplifier’s  for maximum PAE within an ACPR limit, it has some limitations in the 

problems it can address.  The first of those limitations which is addressed by this research 

is a limitation on the previous method’s ability to measure spectral compliance.  The 

ACPR limit which the previous work used is easy to measure and implement, but it will 

not necessarily ensure compliance with the spectral regulations outlined in the Radar 

Spectrum Engineering Criteria (RSEC) [4].  ACPR measurements only consider specific 

frequency bands and equally weight the power inside those bands.  Actual spectral 
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regulations, however, use a spectral mask (as shown in Figure 1.1) to define spectral 

compliance. To pass the spectral regulations, the transmitted power must remain below 

the spectral mask for all frequencies.  The solution which this research uses to deal with 

these concerns is a new spectral compliance metric called , which can be used to 

directly measure spectral compliance.  The implementation of  in a search algorithm is 

described in Chapter Two, which is also published as [5]. 

 
 

 
Figure 1.1: Spectrum analyzer measurement of power versus frequency compared to a 
spectral mask, reprinted from [5]  
 
 

Another limitation on the usefulness of the previous optimization process was that 

it only considered the load impedance  as an input for its optimization.  Using  in the 

optimization process allows for easy visualization of the algorithm’s search space using 

the Smith Chart, but  is only one of the many input parameters which must be 

considered when designing a power amplifier.  Additional input parameters can be 

considered to more completely optimize the performance of a power amplifier.  However, 

adding more inputs requires a multi-dimensional search space.  In response to this 

Spectral Mask 

Measured Spectrum 
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problem, a new three-dimensional extension of the Smith Chart called the Smith Tube 

has been developed in order to better display the behavior of power amplifiers in higher 

dimensions [6].  The x-y plane in the Smith Tube still uses the load impedance  for its 

input parameter, but the z-axis in the Smith Tube can use a variety of inputs such as 

waveform bandwidth, amplifier input power, or amplifier bias voltage.  An example of 

the Smith Tube is shown in Figure 1.2. 

 
 

 
Figure 1.2: Example of a Smith Tube where amplifier drain-to-source voltage ( ) is 
used for the z-axis, reprinted from [44]. 
 

 
In addition to the new search space, each new input parameter which is 

considered by the optimization may result in unique challenges which must be overcome. 

As a result, a simple extension of the previously developed two-dimensional search 

algorithm to a third dimension may not yield the best results in the new search space.  

The research described in this dissertation considers two different Smith Tube search 

spaces and, in addition to testing a three-dimensional extension of the search algorithm 
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from [2], develops new search algorithms that are more successful in dealing with the 

new challenges presented by the new optimization space.   

The two Smith Tubes discussed in this dissertation are the Bandwidth Smith 

Tube, which uses waveform bandwidth as the z-axis in the Smith Tube; and the Bias 

Smith Tube, which uses amplifier drain-to-source voltage  as the z-axis in the Smith 

Tube.    Two search algorithms which use a method similar to the method from [2] were 

developed for use in the Bandwidth Smith Tube, as described in Chapters Three and 

Four.  Those two chapters were also published as [7] and [8].  The method from [2] was 

also extended into the Bias Smith Tube, as described in Chapter Five and submitted for 

publication in [9]. 

Initial examination of the Bias Smith Tube also found that an additional output 

needed to be considered for radar operation in that search space.  Previously developed 

algorithms would generally seek to maximize PAE while maintaining compliance with 

spectral regulations, but did not consider the output power from the amplifier.  In the 

previous situations output power did not need to be considered because maximizing PAE 

would also provide high amplifier output power.  In the Bias Tube, however, a tradeoff 

was found to exist between output power and PAE which was being ignored by the 

previous optimization techniques.  This led to the development of a new search algorithm 

which would seek to meet a minimum acceptable level of output power, meet a 

maximum acceptable level of ACPR, and maximize the PAE within those constraints.  

Chapter Six describes the initial version of that algorithm which was used in the two-

dimensional search space of the Smith Chart, and Chapter Seven describes the 
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application of that algorithm to the Bias Smith Tube.  Chapter Six has also been 

published as [10], and Chapter Seven has been submitted for publication as [11]. 

Before detailed examination of these various search algorithms, some further 

background in the important concepts related to this research should be examined.  

Section 1.1 discusses background related to Pareto optimization and load-pull, and 

Section 1.2 discusses background related to the Smith Tube. 

Another important aspect to recognize about this research is that it has been a 

collaborative effort involving contributions from several members of the Baylor Wireless 

and Microwave Circuits and Systems (WMCS) Program.  Dr. Charles Baylis and Dr. 

Robert Marks II from Baylor have provided guidance and direction for this work.  Larry 

Cohen from the United States Naval Research Laboratory has also acted in an advisory 

role for this work.  Jennifer Barlow, Matthew Flachsbart, Alexander Tsatsoulas, Alicia 

Magee, Luci Lamers, and Sarvin Rezayat are Baylor graduates who assisted with 

laboratory work as undergraduates.  Joseph Barkate is a graduate of Baylor’s M.S.E.C.E. 

program who assisted with the MATLAB code which was used for the Smith Tube.

 

1.1 Background of Pareto Optimization and Load-Pull 

Pareto optimization is a convex optimization technique which has been heavily 

used for this research.  Pareto optimization is commonly used to optimize input 

parameters to find the best tradeoff between output parameters [12,13,14,15,16,17].  The 

specific output parameters used for the algorithms in this dissertation are power-added 

efficiency (PAE), adjacent-channel power ratio (ACPR), spectral mask compliance 

metric , waveform bandwidth, and output power.  PAE and ACPR are both dependent 
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on amplifier load impedance  [18].  The author and other Baylor WMCS members 

have shown that  is also dependent on amplifier load impedance [19].  Waveform 

bandwidth is also an input parameter used in the Bandwidth Smith Tube (see Chapter 

Three and Chapter Four).  Output power’s dependence on load impedance is well-known. 

The output parameters which are dependent on load impedance can often be 

visualized by plotting contours on a Smith Chart.  An example of PAE and ACPR 

contours is shown in Figure 1.3.  Each point on one of those contours will have the same 

value for the related function.  The PAE values have a maximum value on the Smith 

Chart and decrease as those contours move away from the maximum, whereas the ACPR 

contours have a minimum value on the Smith Chart and increase as those contours move 

away from the minimum.  The algorithm in [2] would set a minimum acceptable ACPR 

limit and seek to find the  which provides the maximum PAE value within that limit.  

Plotting the optimum  for every possible ACPR limit results in a line connecting the 

PAE maximum to the ACPR minimum on the Smith Chart.  That line is called the Pareto 

optimum locus [20].  The PAE and ACPR contours are tangent to each other for each 

point on the Pareto Front, which is an important feature that the search algorithms in this 

dissertation use to find the optimum . 

As mentioned earlier, [2] presented the foundational work by the author of this 

dissertation and the Baylor WMCS program that would quickly find the optimum 

tradeoff between PAE and ACPR on the Smith Chart.  The algorithms presented in this 

dissertation are closely related to the algorithm presented in [2], with additional 

components based on the specific scenarios addressed by this dissertation.  An earlier 

work from the Baylor WMCS program used a slower, indirect method to find the same 
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optimum load impedance [21].  That algorithm would find the PAE maximum first, then 

step down the Pareto Front in order to find the desired optimum. 

 
 

 

Figure 1.3 Example Contour Plots for PAE and ACPR. The PAE maximum and the 
ACPR minimum are indicated, as is the Pareto Front connecting the two. 
 
 

Ongoing development in the area of cognitive and adaptive radar is considering 

many different approaches. One challenge for radar operation is the co-design of circuit 

and waveform [22].  This problem is an ongoing area of research in the Baylor WMCS 

program and is also considered in Chapters Three and Four.  Patton and Rigling have 

shown waveform optimization for autocorrelation and waveform amplitude constraints 

[23], synthesis of a waveform based on spectrum [24], and joint optimization of 

waveform and matched filtering [25].  Ryan and Blunt have also advanced waveform and 

circuit development by performing hardwave-in-the-loop optimization of polyphase 

coded frequency modulation waveforms using linear amplification with nonlinear 

PAE 
Maximum 

ACPR 
Minimum ACPR 

Contours 
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components [26,27].  Other work is starting to use collaboration with cognitive radio 

technology in radar applications [28].  

Previous developments in circuit optimization have laid the groundwork for the 

algorithms presented in this dissertation. Variable impedance matching circuits [29, 30] 

will be required in order to perform real-time optimization of load impedance in a radar 

transmitter.  Sun and Lau demonstrate the use of a genetic algorithm for matching 

antenna impedance based on the voltage standing wave ratio [31,32].  Qiao shows that 

real-time transmitter optimization is feasible using a genetic algorithm for tuning a 

transmitter amplifier with matching networks [33].  Arroyo-Huerta [34], Hemminger 

[35], and Mushi [36] propose other matching network optimization approaches including 

fuzzy control [34], neural networks [35], and least-squares optimization [36]. Baylis et al. 

demonstrate a steepest-ascent algorithm for one-objective impedance optimization – 

optimizing output power [37]. Martin et al. demonstrate the dependence of PAE and 

ACPR on amplifier load impedance for LFM chirp waveforms [38]. 

 
1.2 Smith Tube Background 

The Smith Tube is a three-dimensional cylindrical extension of the Smith Chart 

which uses some power amplifier input parameter such as input power, bias voltage, or 

waveform bandwidth as the z-axis.  The concept of the Smith Tube was initially 

introduced by the author of this dissertation in [39], which describes the Bandwidth 

Smith Tube.  The Bandwidth Smith Tube is used for the algorithms described in Chapters 

Three and Four.   

While no other cylindrical extensions of the Smith Chart for use in optimizations 

have been found, some other works in the literature do use extensions of the Smith Chart 
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for other purposes.  An extension of a Smith Chart into a sphere with two Smith Charts 

stretched across its surface to represent and connect impedances with both positive and 

negative real parts is described by Zelley [40].  This technique is useful for design of 

oscillators and active filters.  Wu more thoroughly lays out the mapping of Zelley’s 

spherical Smith Chart [41].  Shamin et al. describe the generalization of the Smith chart 

to include fractional circuit elements [42], and Kretzchmar and Shoonaert describe a 

special Smith Chart for lossy transmission lines [43]. 

The other Smith Tube used for the work in this dissertation is the Bias Smith 

Tube, which was introduced by the author in [44].  Variations of transistor efficiency and 

linearity with bias voltage are shown in the literature, including envelope modulation of 

gate-voltage bias [45], control of drain voltage and current to improve PAE [46], tuning 

of both input and output bias voltages [47], consideration of both drain voltage and RF 

input to optimize bias and RF power for efficiency [48], and optimization of input 

waveform and DC voltage using a DC-DC converter [49].  Other literature shows the 

effect of load resistance on bias point and power efficiency [50], the variation of 

optimum load impedance and PAE with bias [51, 52], and selection of matching circuit 

impedance and bias voltage to optimize peaking and carrier amplifier performance in 

Doherty amplifiers [53]. 

A third type of Smith Tube – the Power Smith Tube – was used for the graduate 

work of another Baylor WMCS student.  The Power Smith Tube was introduced by 

Barkate et al. in [54].  A three-dimensional vector-based search algorithm in the Power 

Smith Tube was demonstrated in [55].  Momentum was used to further improve that 

search algorithm in [56]. 
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1.3 Summary 

This chapter has introduced the research in this dissertation and shown 

background information related to this research.  Pareto optimization is described in 

relationship to the presented search algorithms, and the relationship between the input 

and output parameters has been established.  The  metric for spectral compliance is 

introduced, as is the Smith Tube as a tool for multidimensional power amplifier circuit 

optimizations.  Chapter Two will further describe the  metric and show how it can be 

used for an optimization algorithm.  Chapters Three and Four further describe the 

Bandwidth Smith Tube and demonstrate two different search algorithms for that search 

space.  Chapter Five describes the Bias Smith Tube and shows an extension of the 

algorithm from [2] into that search space.  Chapters Six and Seven consider the additional 

output parameter of output power and show search algorithms which include that output 

on the Smith Chart and in the Bias Smith Tube.  The primary contributions of this 

dissertation are 1) the  metric for spectral compliance and its optimization algorithm, 

2) the concept of the Smith Tube as a tool for design and optimization, 3) the Bandwidth 

Smith Tube and its two optimization algorithms, 4) the Bias Smith Tube and its initial 

optimization algorithm, and 5) the PAE, ACPR, and output power optimization algorithm 

demonstrated on the Smith Chart and in the Bias Smith Tube. 
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CHAPTER TWO

Optimizing for Power-Added Efficiency and Spectral Compliance with a Spectral Mask 
Compliance Metric 

 
This chapter has been published as: [5] Fellows, M.; Baylis, C.; Cohen, L.; Marks, R.J., 

“Real-Time Load Impedance Optimization for Radar Spectral Mask Compliance and 
Power Efficiency,” IEEE Transactions on Aerospace and Electronic Systems, Volume 

51, no. 1 (2015) pp.591-599. © 2015 IEEE 
 

As previously mentioned, the search algorithm used in [2] relied on ACPR as its 

metric for attaining a spectrally compliant result at the end of the search algorithm.  

While ACPR is easy to measure, it does not directly relate to spectral compliance.  In 

response to this problem, a new metric called  was developed.  is defined by 

 
= max (s  m),                (2.1) 

 
where s is the measured spectrum outside of the main frequency band and m is the 

spectral mask outside the main frequency band.  Figure 2.1 shows a graphical example of 

how is defined.  Any  value less than or equal to zero dB means that the measured 

spectrum meets the spectral mask, so spectral compliance can be seen directly.  This new 

metric performs in a very similar manner to ACPR for search purposes [19], which 

means that  can be substituted for ACPR in a new search algorithm with only minor 

alterations.  Section 2.1 describes the new algorithm and Section 2.2 shows test bench 

measurement results using this algorithm. 
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Figure 2.1: Graphical example of spectral mask compliance metric  

2.1 Algorithm Description 

While   and ACPR exhibit similar behavior, a couple of key differences still 

exist between the two. First,  includes all the spectrum being considered, not just the 

specified adjacent channel.  As a result,  measurements can find potential conflicts 

with the spectral mask that exist outside of the channel considered by ACPR.  This 

capability may be particularly important if the bandwidth of the input waveform changes, 

since such changes may move undesirable intermodulation products out of the adjacent 

channel.  Second,  takes the shape of the spectral mask into consideration.  ACPR 

treats all measured power within its defined channel equally, which means that it cannot 

account for the slope of the spectral mask.  , on the other hand, will be able to identify 

cases where high power near the edge of the adjacent channel will lead to a failure of the 

spectral mask.   

Measured Spectrum 

Spectral Mask 
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One weakness that has been observed in using , however, is that it can be 

vulnerable to measurement noise.  ACPR compares all the power in the main band to all 

the power in the adjacent channel, which makes it resilient to changes at a single 

frequency point.  Since the spectral mask is define based on the maximum power level in 

the main band and  compares that level to the highest out-of-band frequency point 

relative to the mask,  ends up comparing two individual frequency points to each 

other.  This vulnerability to noise can potentially lead to difficulties for the search 

algorithm due to non-convex  contours, as shown by the author of this dissertation 

[19].  The suggested solution is to take average multiple  measurements to smooth out 

the noise. 

The optimization algorithm used for this chapter starts from a user-specified load 

reflection coefficient ( ) on the Smith Chart and uses a vector-based approach to find 

the  which provides the maximum PAE with .  The user must also provide 

values for maximum step size Ds and the neighboring point distance   The search 

begins by measuring a candidate point and two neighboring points as shown in Figure 2.2 

in order to calculate gradients for PAE and .  The search will then use those gradients 

and the measured values for  and PAE to calculate a search vector which will 

determine the location of the next candidate point.   

 
 

 

Figure  2.2:   Measured  points for PAE and  gradient estimation at a candidate 
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The first requirement to find the location of the next candidate point for the search 

is to calculate unit vectors , , and .  If the PAE is represented by , then the PAE 

gradient is given by : 

 

 

 
The neighboring point measurements are then used to approximate the partial derivatives 

in equation (2.2) according to the following equations:  

 

 

 

 

 
In these equations,  is the real part of the load reflection coefficient,  is the imaginary 

part of the load reflection coefficient, and  is the distance between the candidate point 

and each neighboring point in Figure 2.2.  Once the gradient has been estimated, a unit 

vector in the direction of steepest ascent for PAE is calculated using the equation  

 

 

 
A similar process is applied to calculate the  gradient, which is then used to calculate a 

unit vector  in the direction of steepest descent for  using the equation  

 

 

 
The third unit vector, , is in the direction of the bisector of  and . It is calculated 

using  
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Once the unit vectors have been calculated the step vector for the next candidate 

point can be calculated.  If the measurement at the current candidate location is not in 

spectral compliance ( ) then the search vector  is calculated using the equation 

 
 

 
where  

 

and 

 

 
 

In equation (2.9)  is the measured  at the candidate location and  is the 

largest measured  magnitude since the start of the search.  Note that  if the  

at the candidate is zero.  In (2.10),  is the value of the bisector angle between  and .  

Note that  if the bisector angle is equal to 90o.  If , the  and PAE 

contours are collinear.  As in the search algorithm from [2], this means that any location 

with  will have the maximum PAE value for some spectral mask (assuming 

convex contours).  The collection of all points with  forms the Pareto optimum 

locus [57], which is the trade-off line of best compromises between PAE and .   A 

visual representation of the search vector in (2.8) is shown in Figure 2.3(a).   

The  contours may not always be convex, but observations of previous 

measurements have shown that the contours are usually close enough to being convex in 
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the regions near the desired optimum for the search algorithm to provide a consistent 

quality of results for all start locations on the Smith Chart.  Since (2.9) goes to zero when 

 and (2.10) goes to zero on the Pareto Front, the vector addition in (2.8) should 

converge to the desired optimum.   

The other option based on the measurement of the candidate point is that the 

current candidate is compliant with the spectral mask ( ).  In that case, the 

next step which the algorithm takes is defined by 

 
 

 
The only difference between (2.11) and (2.8) is that the vector in (2.11) has a component 

in the direction of steepest ascent for PAE, whereas the vector in (2.8) has a component 

in the direction of steepest descent for .  This difference recognizes which of these two 

parameters needs improvement.  If the spectral mask is being met, then the algorithm 

tries to improve PAE.  If the spectral mask is not being met, the algorithm tries to 

improve .  Also note that  and  in (2.11) are the same as in (2.8), which means 

that (2.11) and (2.8) will both converge to the desired optimum location.  Figure 2.3(b)

shows a representation of the step the search will take in this case.   

 
 

 

Figure 2.3:   Search vectors on the Smith Chart in the cases where (a)  at 
Candidate 1 and (b)  at Candidate 1 
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Before the algorithm can use the calculated step vector, it must first check to 

make sure that the new candidate location is still inside the Smith Chart.  If not, the 

algorithm chooses the closest location to the calculated point that is inside the Smith 

Chart to be the next candidate point.  The algorithm then moves to takes a measurement 

at the new location and performs the following checks: 

 
1) If the present candidate point provides a  value that meets the spectral mask and 

the next candidate point does not, divide the search distance parameter Ds by 3 and 

recalculate the step.  This forces the algorithm to converge to an optimum even if 

the user-chosen Ds value is too large for equations (2.8) and (2.11) to decrease 

quickly enough for the algorithm to stop when it nears the desired optimum. 

 
2) If both the new candidate and the old candidate provide  values that meet the 

spectral mask, but the PAE at the new candidate is lower (worse) than the PAE at 

the old candidate, divide Ds by 3 and recalculate the step.  This allows the 

algorithm to still converge to the constrained optimum in the case where the global 

PAE maximum also provides spectral compliance. 

 
The presented search algorithm repeats the process of candidate measurements 

and steps to new candidates until the magnitude of the search vector  is less than the 

user-defined neighboring point distance .  When that happens the algorithm takes its 

last candidate measurement and then chooses the measured point with the maximum PAE 

with  as the optimum point. 
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2.2 Measurement Results 

   This algorithm was tested in measurement using a Maury Microwave Automated 

Tuner System (ATS).   Figure 2.4 shows the measurement setup for bench testing.  The 

load impedance tuner provides the desired .  A power meter is used for the PAE 

measurements, and a spectrum analyzer is used to measure the output spectrum.  

MATLAB compares the measured spectrum to the spectral mask in order to calculate .  

A signal generator produces the desired waveform.  A Skyworks 65017-70LF InGaP 

packaged amplifier was used for the measurement testing of the algorithm.  The 

waveform used for these measurement tests was a modified chirp waveform with a 

bandwidth of 16 MHz centered at 3.3 GHz.  The input power to the amplifier was held 

constant at 2.0 dBm and the DC power supply provided the amplifier with a 9V input and 

100 mA of current. Figure 2.5 shows the measured PAE and  contours for this device, 

with the desired optimum and the region of spectral compliance indicated.   

 
 

 

Figure 2.4: Measurement test setup 
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Figures 2.6 through 2.10 show the search results for various starting reflection 

coefficients on the Smith Chart.  The results for these searches are included individually 

in each figure and are also summarized in Table 2.1.  These results show that the search 

algorithm provides very similar PAE values and provide spectrally compliant  values.  

The measurement totals are comparable to those obtained by the PAE/ACPR search in 

[2].  The search starting at  0.9/-90° had an end location with a somewhat different 

 from the other end locations, but the PAE values show that this difference is 

insignificant.   

 
 

                  

Figure 2.5 Measured  (solid contours) and PAE (dashed contours) load-pull contours 
with the desired optimum and region of spectral compliance indicated. Reprinted from 
[19]. 
 
 

Figures 2.11 and 2.12 show the measured power spectrum versus the spectral 

mask at the start and end locations for the search which started from  0.9/-90°.  The 

comparison in Figure 2.11 shows obvious violations of the spectral mask, near 3.28 GHz 

and 3.32 GHz.  The comparison in Figure 2.12, however, shows no violations of the 

Region of spectral 
compliance 

Desired Optimum 
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spectral mask.  This confirms the ability of the algorithm to move from a value of  that 

does not provide spectral compliance to a value of  that does provide spectral 

compliance.   

 
 

 

Figure 2.6:   Measurement search trajectory for starting  0.9 / 0°. 
 
 

 

Figure 2.7:   Measurement search trajectory for starting  0.9 /90°. 
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Figure 2.8:   Measurement search trajectory for starting  0.9 /180°. 
 
 

 

Figure 2.9:   Measurement search trajectory for starting  0.9 /-90°. 
 
 

 

Figure 2.10:   Measurement search trajectory for starting  0. 
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TABLE 2.1:  MEASUREMENT RESULTS FOR DIFFERENT STARTING POINTS 
Start  End End 

 (dBc) 
End 
PAE
(%) 

#
Meas 

0.9/0° 0.570/-14.43° -0.322 6.780 11 

0.9/90° 0.545/-17.05° -0.089 6.917 26 

0.9/180° 0.586/-15.54° -0.322 6.659 22 

0.9/-90° 0.548/-36.24° -0.057 6.736 19 

0 0.571/-17.44° -0.487 6.771 10 

 
 

 

Figure 2.11:   Spectrum analyzer measurement of signal power versus frequency at 
starting point  0.9/-90°. The measured spectrum violates the spectral mask, which 
indicates that the signal would fail spectral compliance tests. 
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Figure 2.11:   Spectrum analyzer measurement of signal power versus frequency at 
ending point  0.548/-36.24°. The measured spectrum satisfies the spectral mask, 
which indicates that the signal would pass spectral compliance tests. 

 
 

2.3 Summary 

This chapter has presented a fast search algorithm to find the load reflection 

coefficient to maximize PAE while providing spectral compliance.  Measurement results 

for the algorithm have been shown to demonstrate the effectiveness of the algorithm from 

various start locations.  The algorithm found the optimum location using between 11 and 

26 measurements, which is expected to be few enough to be useful in real-time 

optimization of power amplifiers.  This algorithm is expected to find usefulness in future 

adaptive radar transmitters which need to adjust their operating parameters to changing 

requirements in real time.   
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CHAPTER THREE

Three-Dimensional Vector Search for PAE, ACPR, and Bandwidth using the Smith Tube 
 

This chapter has been published as: [7] Fellows, M.; Barlow, J.; Flachsbart, M.; Baylis, 
C.; Cohen, L.; Marks, R.J., “Fast Radar Power Amplifier Optimization for Bandwidth, 

Efficiency, and Spectral Confinement Using the Smith Tube,” IEEE International Radar 
Conference (RadarCon 2015), Arlington, VA, May 11-15, 2015, pp. 139 – 144. © 2015 

IEEE 
 
 

After successful development and implementation of the spectral mask metric , 

search techniques were explored that would consider more power-amplifier optimization 

parameters than merely the load reflection coefficient .  These additional inputs result 

in a higher dimensional search space called the Smith Tube. The first new input to be 

considered was the bandwidth of a chirp waveform, which is a commonly used waveform 

for radar systems.  Augmenting the Smith Chart search space to include the waveform 

bandwidth parameter results in the Bandwidth Smith Tube, which is shown in Figure 3.1.  

The x-y plane of the Bandwidth Smith Tube is a typical Smith Chart, where the x-axis 

corresponds to the real part of  and the y-axis corresponds to the imaginary part of .  

The z-axis of the Bandwidth Smith Tube represents the bandwidth of the chirp waveform 

which is being used as an input to the amplifier. 

A common design problem for a radar system is to maximize the bandwidth of the 

radar’s transmitted waveform in order to improve its range resolution.  To achieve this 

goal, a similar search process to the one used in [2] was developed for use in the 

Bandwidth Smith Tube.  This new algorithm seeks to maximize the bandwidth of the 

transmitted waveform while maintaining acceptable levels of PAE and ACPR.  Section 
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3.1 describes this new algorithm and Section 3.2 shows test bench measurement results 

using this algorithm. 

 
 

 
Figure  3.1.   The Bandwidth Smith Tube.   The vertical axis represents chirp bandwidth 
B, while the horizontal cross section of the tube is a Smith chart.  
 
 

3.1 Algorithm Description 

This algorithm starts from a user-specified location in the Bandwidth Smith Tube 

and uses a vector-based approach to find the maximum chirp bandwidth that can be 

obtained within user-defined PAE and ACPR limits.  Figure 3.2 shows a conceptual 

example of the resulting search space.  The region of the Smith Tube which provides 

acceptable ACPR is expected to shrink for larger bandwidths since the main-band power 

will eventually move into the adjacent channel as bandwidth increases.  Because the 

radio-frequency power is measured with a broadband power sensor, PAE is not a strong 

function of bandwidth, so the region of the Smith Tube which provides acceptable PAE is 

expected to be nearly cylindrical.   
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Figure  3.2.   Conceptual drawing of range radar optimization in the Bandwidth Smith 
Tube with surfaces for the limiting PAE and ACPR values.   The optimum point is 
selected as the highest bandwidth point of intersection between the PAE and ACPR 
limiting surfaces. 

 
 
In addition to the ACPR limit, the algorithm requires a few other user inputs.  The 

user must provide the value for the step size parameter Ds, which is used in calculating 

the magnitudes of all steps the search will take.  Additionally, the user must define the 

resolution distance .  When the magnitude of the search vector decreases below , the 

search is stopped.   Third, the user must provide minimum and maximum bandwidths to 

be considered by the algorithm.  Finally, the user must provide the start location for the 

algorithm in the Smith Tube. 

Once those inputs have been defined, the values of the bandwidth, , are 

normalized between -1 and 1 using the following equation: 

 

 

 
where  is the normalized chirp bandwidth, is the chirp bandwidth,  is the 

minimum bandwidth to be considered by the algorithm, and is the maximum 
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bandwidth to be considered by the algorithm.   Normalizing the  values establishes the 

top and bottom of the Smith Tube while also causing the vertical dimension of the Smith 

Tube to have the same scale (going from -1 to 1).  

After the algorithm normalizes the  values, it starts taking measurements at the 

user-specified start location.  The algorithm takes a measurement at that candidate 

location and at three neighboring points separated from the initial point by neighboring-

point distance  in each dimension of the search, as shown in Figure 3.3.  These 

measurements are then used to estimate gradients in order to determine the direction of 

steepest descent for ACPR (represented in equations by ) and the direction of steepest 

ascent for PAE (represented in equations by ) in the horizontal dimension.  Based on 

those measurements, the search will then calculate a step vector which depends on where 

the candidate lies in the Smith Tube.   

 
 

 

Figure  3.3:   Measured points for PAE and ACPR gradient estimation at a candidate 
 
 

The first requirement to find the location of the next candidate point for the search 

is to calculate unit vectors , , and .  Unit vectors  and  are estimated in the optimal 

directions for PAE and ACPR, based on approximations of the gradients.  These 

gradients are calculated using the same method as was shown in equations (2.2) through 
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(2.6) in chapter 2.  The unit vector  bisecting  and  is estimated, as in the previous 

chapter, using the equation: 

 

 
 

Note that the unit vectors , , and  are all strictly in the horizontal plane for this 

algorithm.  Since increasing the bandwidth is a primary goal for this algorithm, the 

movement in the vertical dimension is governed by its own unit vector . 

PAE is not strongly related to bandwidth, thus PAE measurements are the primary 

factors in determining what search vector to use.  ACPR measurements are used more in 

the bandwidth dimension.  If the measurement at the current candidate location gives an 

PAE that was less than the PAE limit (unacceptable PAE), then the step vector is defined 

by  

 
 

 
where  

 

 

 

 
 

 

 
This search vector construction is shown in Figure 3.4(a).  In equation (3.4)  is 

the measured PAE at the candidate location, is the user-defined PAE limit, and 

 is the measured PAE value which is farthest from the PAE limit.   Note that 
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 if the PAE at the candidate is equal to the PAE limit.  In (3.5),  is the value of 

the bisector angle between  and .  Note that  if the bisector angle is equal to 

90o.  Much like in the previous chapter, if  then the ACPR and PAE contours are 

collinear, which means that candidate point will provide the optimal tradeoff between 

PAE and ACPR for that PAE limit.   In equation (3.6)  is the neighboring point 

distance,  is the measured ACPR at the candidate location, is the 

user-defined ACPR limit, and  is the measured ACPR at the neighboring 

point in the upward direction.   is designed to govern the search’s progress in the 

vertical dimension.  If the ACPR is unacceptable then  pulls the search down, if the 

ACPR is acceptable then  pulls the search up.  Equation (3.4) goes to zero on the PAE 

limit contour, (3.5) goes to zero when the tradeoff between PAE and ACPR is optimal, 

and (3.6) goes to zero at the ACPR limit.  Thus the vector addition in (3.3) should 

converge to the desired optimum.   

The other possibility based on a candidate measurement is that the PAE at the 

candidate will be greater than or equal to the PAE limit (acceptable PAE).  In that case, 

the next step which the algorithm takes is defined by 

 
 

 
The only difference between (3.7) and (3.3) is that the vector in (3.7) has a component in 

the direction of steepest descent for ACPR, whereas the vector in (3.3) has a component 

in the direction of steepest ascent for PAE.  This difference recognizes which of those 

two parameters needs improvement.  If the PAE limit is being met then the algorithm 

tries to improve ACPR.  If the PAE limit is not being met then the algorithm tries to 
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improve PAE.  As with equation (3.3), equation (3.7) goes to zero at the optimum 

location.  Figure 3.4(b) shows a representation of the step the search will take in this case.   

 
 

 

Figure 3.4:   Search vectors in the Smith Tube in the cases where (a) candidate 1 PAE is 
outside the PAE limit and (b) candidate 1 PAE is inside the PAE limit 

 
 
Before the algorithm can use the calculated step vector, it must first check to 

make sure that the new candidate location is still inside the Smith Tube.  If not, the 

algorithm chooses the closest location to the calculated point that is inside the Smith 

Tube to be the next candidate point.  The algorithm then moves to takes a measurement at 

the new location and performs the following checks: 

 
1) If the step took the search from a candidate inside the PAE acceptable region to a 

candidate outside the PAE acceptable region, divide the search distance parameter 

 by 2 and recalculate the step.  This results in a smaller step in the horizontal 

plane, but no change to the step in the vertical dimension, which is desirable 

because PAE is not strongly dependent on bandwidth. 
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2) If the step took the search from a candidate inside the ACPR acceptable region to a 

point outside the ACPR acceptable region, divide  by 2 and recalculate the step.  

This reduces the change in bandwidth without affecting the step in the other two 

dimensions, which is desirable since a worsening of ACPR will generally be due 

to an increase in bandwidth. 

 
Note that this algorithm does not need to divide a step by 2 for getting a worse 

measurement inside the acceptable region.  Since the goal of this algorithm is to 

maximize bandwidth, the optimum location will always lie either on the edge of both 

acceptable regions or, if poor bandwidth limits were chosen, on the edge of the Smith 

Tube.  

This search algorithm repeats the process of candidate measurements and steps to 

new candidates until the magnitude of the step vector  is less than the user-defined 

resolution distance .  When that happens the algorithm takes its last candidate 

measurement and then chooses highest bandwidth point within the PAE and ACPR limits 

as the optimum point. 

3.2 Measurement Results 

   This algorithm was tested in measurement using the Maury Microwave 

Automated Tuner System (ATS).   The measurement setup from the last chapter (Figure 

2.4) was also used for these measurements.  The load impedance tuner provides the 

desired .  A power meter is used for the PAE measurements, and a spectrum analyzer is 

used to measure ACPR.  A signal generator produces the desired chirp waveform and 

controls its bandwidth.  A Skyworks 65017-70LF InGaP packaged amplifier was used for 
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the measurement testing of the algorithm.  The input power to the amplifier was held 

constant at 2.0 dBm and the DC power supply provided the amplifier with a 9V input and 

100 mA of current.  These tests used a PAE limit of 7% and an ACPR limit of -27.5 dBc. 

Several combinations of start locations and bandwidth limits were tested in the 

Smith Tube.  Figures 3.5 through 3.11 each show two different viewing angles for those 

search results.  Subfigure (a) on each of those figures shows a 3D view of its search path, 

and subfigure (b) on each figure shows a top-down horizontal projection of the search 

path.  The figure caption for each figure specifies the start location and bandwidth range 

used for that search result.  Table 3.1 shows a compilation of all the data for the various 

test results. 

 
 

   
         (a)                                                                      (b) 

Figure 3.5:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0.44 / -20° with  17.5 MHz and (b) horizontal 
projection of the search.   The bandwidth range for this search was 15 MHz to 20 MHz.  
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START 
END 
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            (a)                                                                  (b) 

Figure 3.6:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0.9 / 90° with  17.5 MHz and (b) horizontal 
projection of the search.   The bandwidth range for this search was 15 MHz to 20 MHz. 
 
 

   
(a)                                                                 (b) 

Figure 3.7:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0  with  15 MHz and (b) horizontal projection of the 
search.   The bandwidth range for this search was 10 MHz to 20 MHz.   
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(a)                                                                   (b) 

Figure 3.8:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0.9 / 180° with  15 MHz and (b) horizontal projection 
of the search.   The bandwidth range for this search was 10 MHz to 20 MHz.   
 
 

   
(a)                                                                    (b) 

Figure 3.9:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0  with  15 MHz and (b) horizontal projection of the 
search.   The bandwidth range for this search was 10 MHz to 20 MHz.   
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(a)                                                                   (b) 

Figure 3.10:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0.9 / 0° with  12.5 MHz and (b) horizontal projection 
of the search.   The bandwidth range for this search was 5 MHz to 20 MHz.   
 
 

   
(a)                                                                    (b) 

Figure 3.11:   (a) Three-dimensional view of the measurement algorithm search trajectory 
for a search starting from  0.9 /-90° with  12.5 MHz and (b) horizontal 
projection of the search.   The bandwidth range for this search was 5 MHz to 20 MHz.   
  
 

  As shown in Figures 3.5 through 3.11 and in Table 3.1, this search algorithm 

provides quite consistent results for a variety of start locations and bandwidth ranges.  

One common characteristic that can be seen in these results is that the algorithm will 
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often take large downward steps early in search before climbing back up to the optimum 

point later.  This happens because often those early candidates do not meet the ACPR 

limit due to amplifier nonlinearity at that , which results in a reduction of chirp 

bandwidth.  As the search gets closer to the optimum, however, the amplifier’s 

nonlinearity is improved and the search can return to higher bandwidths.   

As would be expected, all end locations provide ACPR and PAE values that meet 

their respective limits.  The final bandwidths range from 15.732 MHz to 16.635 MHz.  

The numbers of measurements range from 18 to 34, which is a significant improvement 

over the hundreds of measurements which may be required for a brute force redesign of 

these input parameters.  The worst-case for these results was the last entry in Table 3.1.  

This result shows that larger search spaces (the bandwidth range for this case was 5 to 20 

MHz) will allow the algorithm to meet its stop criteria further from the optimum point.  

This situation can be avoided by either choosing a smaller range of bandwidths or by 

reducing the resolution distance  in order to force the end location to be closer to the 

optimum. 

 
 

TABLE 3.1:  MEASUREMENT RESULTS FOR DIFFERENT STARTING POINTS 
Start  Start  End 

(MHz)
End End 

ACPR
(dBc)

End 
PAE
(%) 

#
Meas

17.5 0.44/-20° 16.635 0.573/-18.66° -27.58 7.05 21 

17.5 0.9/90° 16.377 0.562/-24.82° -27.63 7.27 34 

15 0 16.498 0.557/-25.26° -27.50 7.25 18 

15 0.9/180° 15.959 0.519/-25.38° -27.67 7.48 33 

12.5 0.9/0° 16.258 0.576/-21.11° -27.54 7.29 22 

12.5 0.9/-90° 15.732 0.555/-31.42° -28.11 7.40 34 
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3.3 Summary 

This chapter has presented a fast vector-based search algorithm to find the 

combination of load reflection coefficient and chirp bandwidth in the Bandwidth Smith 

Tube to maximize bandwidth within PAE and ACPR constraints.  Measurement results 

for the algorithm have been shown to demonstrate the effectiveness of the algorithm 

under a variety of conditions. The algorithm found the optimum location using 18 to 34 

measurements, which is expected to be useful in real-time optimization of radar power 

amplifiers.  This algorithm is expected to find usefulness in future adaptive radar 

transmitters which need to adjust their operating parameters to changing requirements in 

real time.   
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CHAPTER FOUR

Over-and-Up Search for PAE, ACPR, and Bandwidth 
 

This chapter has been published as: [8] Fellows, M.; Flachsbart, M.; Barlow, J.; Baylis, 
C.; Cohen, L.; Marks, R.J., “Optimization of power-amplifier load impedance and 
waveform bandwidth for real-time reconfigurable radar,” IEEE Transactions on 

Aerospace and Electronic Systems, 51, no. 3 (2015). © 2015 IEEE 
 
 

During the initial analysis of the Bandwidth Smith Tube, a second method for 

optimization was discovered.  While the method described in Chapter Three is a more 

natural extension of the search algorithm from [2], the method described in this chapter 

takes advantage of the weak relationship between PAE and bandwidth to potentially find 

the optimum location more quickly.  Instead of the purely vector-based approach of 

Chapter Three, the method outlined in this chapter uses a two-step “over-and-up” 

approach to find the same optimum point.  This use of “domain expertise” in the 

Bandwidth Smith Tube is a common algorithm design technique which allows an 

algorithm to take advantage of specific features of a search space. 

Figure 4.1 shows a conceptual example of how the over-and-up search works.  

First, a  value is found which provides the minimum ACPR for a PAE limit, using a 

method almost identical to the method from [2]. Second, with  fixed at the optimum 

found in the first step, the search performs a one-dimensional bandwidth search to find 

the highest bandwidth which still meets the ACPR limit.  This two-step process can then 

be repeated if necessary in order to adjust for minor changes in PAE due to the changes 

in bandwidth.  The strength of this method is that it only requires two neighboring points 

per candidate point during the “over” portion of the search, and it can then use interval 
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halving for the “up” portion of the search.  While the vector-based approach of the 

previous chapter could take a more direct path to the optimum, the fact that it had to use 

three neighboring point measurements for every candidate point can cause the total 

number of measurements for that method to be higher than the number of measurements 

required for the over-and-up approach.  Section 4.1 describes the over-and-up algorithm 

and Section 4.2 shows test bench measurement results using this algorithm. 

 
 

 
 
Figure  4.1.   Conceptual example of the over-and-up search algorithm in the Smith Tube. 
The optimum point chosen at the end of the search is the highest bandwidth point which 
satisfies both PAE and ACPR constraints. 
 
 

4.1 Algorithm Description 

Just like the algorithm described in Chapter Three, this seeks to find the 

maximum chirp bandwidth that can be obtained within user-defined PAE and ACPR 
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limits.  The user also specifies the starting , the minimum and maximum bandwidths to 

be considered, the step size parameter Ds, and the resolution distance .  Since the “up” 

portion of the search uses interval halving, the initial bandwidth for the search is always 

halfway between the minimum and maximum bandwidths to be considered by the 

algorithm.  In addition to those previously described input parameters, the user must also 

define the bandwidth resolution parameter .  When the step from one bandwidth to 

the next during the “up” portion of the search decreases below  then the search ends.   

The first step of the search is a two-dimensional “over” search using a constant 

bandwidth halfway between minimum and maximum bandwidths specified by the user.  

The search begins by taking measurements at the user-specified start  and two 

neighboring points, as shown in Figure 4.2.  These measurements are then used to 

estimate gradients in order to determine the direction of steepest descent for ACPR 

(represented in equations by ) and the direction of steepest ascent for PAE (represented 

in equations by ) in the horizontal dimension.  Based on those measurements, the search 

will then calculate a step vector which depends on where the candidate lies on the Smith 

Chart.   

 
 

 

 Figure  4.2:   Measured  points for PAE and ACPR gradient estimation at a candidate  
 
 

The first requirement to find the location of the next candidate point for the search 

is to calculate unit vectors , , and .  Unit vectors  and  are estimated in the optimal 
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directions for PAE and ACPR, based on approximations of the gradients.  These 

gradients are calculated using the same method as was shown in equations (2.2) through 

(2.6) in Chapter 2.  The unit vector  bisecting  and  is estimated, as in the previous 

cases, using the equation: 

 

 
 
If the measurement at the current candidate location gives a PAE that was less 

than the PAE limit (unacceptable PAE), then the step vector is defined by  

 
 

 
where  

 

 

 

 
 

This search vector construction is shown in Figure 4.3(a).  All variables shown in 

equations (4.2), (4.3), and (4.4) are defined in the same way as they were defined in 

equations (3.3), (3.4), and (3.5) in Chapter 3.   As a reminder, the search vector in 

equation (4.2) will go to zero at the  providing the minimum ACPR for the user-

defined PAE limit.   

If the measurement at the current candidate location gives a PAE greater than or 

equal to the PAE limit (acceptable PAE) then the next step which the algorithm takes is 

defined by 
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The only difference between (4.5) and (4.2) is that the vector in (4.5) has a component in 

the direction of steepest descent for ACPR, whereas the vector in (4.2) has a component 

in the direction of steepest ascent for PAE.  This difference recognizes which of those 

two parameters needs improvement.  If the PAE limit is being met then the algorithm 

tries to improve ACPR.  If the PAE limit is not being met then the algorithm tries to 

improve PAE.  As with equation (4.2), equation (4.5) goes to zero at the  providing the 

minimum ACPR for the PAE limit.  Figure 4.3(b) shows a representation of the step the 

search will take in this case.   

 
 

 
(a)                                                  (b) 

Figure 4.3:   Search vectors on the Smith Chart in the cases where (a) candidate 1 PAE is 
outside the PAE limit and (b) candidate 1 PAE is inside the PAE limit 

 
 
Before the algorithm can use the calculated step vector, it must first check to 

make sure that the new candidate location is still on the Smith Chart.  If not, the 

algorithm chooses the closest location to the calculated point that is inside the Smith 

Tube to be the next candidate point.  The algorithm then moves to takes a measurement at 

the new location and performs the following checks: 

 
1) If the step took the search from a candidate inside the PAE acceptable region to a 

candidate outside the PAE acceptable region, divide the search distance parameter 

 by 2 and recalculate the step.   
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2) If both the new candidate and the old candidate provide PAE values that meet the 

PAE limit, but the ACPR at the new candidate is higher (worse) than the ACPR at 

the old candidate, divide Ds by 2 and recalculate the step.  This allows the 

algorithm to still converge to the optimum ACPR in the case where the ACPR 

minimum on the Smith Chart also meets the PAE limit.  

 
This search algorithm repeats the process of candidate measurements and steps to 

new candidates until the magnitude of the step vector  is less than the user-defined 

resolution distance .  When that happens the algorithm takes its last candidate 

measurement and then chooses the measured  with the lowest ACPR within the PAE 

limit as the starting point for the “up” portion of the search. 

The “up” portion of the search uses a constant  as found by the “over” portion 

of the search and seeks to find the highest bandwidth that meets the ACPR limit.  

Depending on the ACPR value found at the end of the  search, the chirp bandwidth 

will either be increased or decreased.  If the ACPR at the last point of the  search meets 

the ACPR limit then the bandwidth will be increased will need to be increased.  

Otherwise, the bandwidth will need to be decreased.   

Once that determination has been made, the search chooses a new candidate point 

by halving the interval between the current bandwidth and either the maximum or 

minimum bandwidth to be considered by the search.  For example, if the ACPR at 

bandwidth candidate 1 is less than the ACPR limit (acceptable ACPR) then bandwidth 

candidate 2 will be halfway between bandwidth candidate 1 and the maximum bandwidth 

to be considered by the search, and bandwidth candidate 1 will be treated as the new 

minimum bandwidth to be considered by the search.  If the ACPR at bandwidth candidate 
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1 is greater than the ACPR limit (unacceptable ACPR) then bandwidth candidate 2 will 

be halfway between bandwidth candidate 1 and the minimum bandwidth to be considered 

by the search, and bandwidth candidate 1 will be treated as the new maximum bandwidth 

to be considered by the search.  This interval halving process is repeated until the 

distance from one bandwidth candidate to the next is less than the user-defined  

parameter.  When that happens, the highest measured bandwidth which meets the ACPR 

limit is chosen as the optimum point for the search. 

After the “up” portion of the search it may be desirable to repeat the whole over-

and-up process to compensate for any change in PAE due to the increase in bandwidth.  

The second iteration of the over-and-up search will start from the end  and bandwidth 

of the previous search.  The number of times the process is repeated must be determined 

by the user and will depend on the desired resolution in  and bandwidth.  For each 

measurement example in the next section the search process was performed twice to 

demonstrate the change in final result for one iteration versus two iterations. 

 

4.2 Measurement Results 

   This algorithm was tested in measurement using the Maury Microwave 

Automated Tuner System (ATS).   The measurement setup from Figure 2.4 in Chapter 2 

was also used for these measurements.  The load impedance tuner provides the desired 

.  A power meter is used for the PAE measurements, and a spectrum analyzer is used to 

measure ACPR.  A signal generator produces the desired chirp waveform and controls its 

bandwidth.  A Skyworks 65017-70LF InGaP packaged amplifier was used for the 

measurement testing of the algorithm.  The input power to the amplifier was held 
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constant at 2.0 dBm and the DC power supply provided the amplifier with a 9V input and 

100 mA of current.  These tests used a PAE limit of 7% and an ACPR limit of -27.5 dBc.  

The  value used for these searches was 0.25 MHz. 

Several combinations of start locations and bandwidth limits were tested.  Figure 

4.4 shows the search result for one iteration of the over-and-up search starting from  

0.9 / 90° using a bandwidth range of 5-20 MHz.  Figure 4.5 shows the total result for 

performing a second iteration of the over-and-up search after the search shown in Figure 

4.4.  As these figures show, the first iteration chose an optimum point which provided a 

bandwidth of 15.078 MHz after 21 measurements, and the second iteration chose an 

optimum point which provided a bandwidth of 15.3125 MHz after a total (including both 

iterations) of 29 measurements.  Figures 4.6 and 4.7 show the single and double iteration 

results, respectively, for a search starting from  0 using a bandwidth range of 12-20 

MHz.  In this case the first iteration provided a bandwidth of 15.0 MHz after 15 

measurements, and the second iteration provided a bandwidth of 15.25 MHz after a total 

of 20 measurements.  Table 4.1 shows a compilation of single-iteration search results for 

a total of 8 start locations, and Table 4.2 shows a compilation of double-iteration search 

results for those same eight start locations. 
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Figure 4.4:   Single-iteration search result for starting  0.9 / 90° and a bandwidth 
range of 5 MHz to 20 MHz.  The first iteration for this search provided a bandwidth of 
15.078 MHz after 21 measurements. 
 
 

   
Figure 4.5:  Double-iteration search result for starting  0.9 / 90° and a bandwidth 
range of 5 MHz to 20 MHz.  The second iteration for this search provided a bandwidth of 
15.3125 MHz after 29 total measurements. 
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Figure 4.6:   Single-iteration search result for starting  0 and a bandwidth range of 12 
MHz to 20 MHz.  The first iteration for this search provided a bandwidth of 15 MHz after 
15 measurements. 
 
 

   
Figure 4.7:  Double-iteration search result for starting  0 and a bandwidth range of 
12 MHz to 20 MHz.  The second iteration for this search provided a bandwidth of 15.25 
MHz after 20 total measurements. 
 
 

  As shown in Table 4.1 and 4.2, this search algorithm provides consistent results 

for a variety of start locations and bandwidth ranges.  All single and double-iteration 
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results meet the ACPR and PAE limits.  The single-iteration results provide chirp 

bandwidths from 14.84 to 15.31 MHz using 13 to 24 measurements.  The double-iteration 

results provide chirp bandwidths from 15.25 to 15.47 MHz using 18 to 29 measurements.  

These results show that there is typically little to no change in bandwidth for the second 

iteration, which demonstrates how little impact the change in bandwidth has on the PAE.  

In some cases there was actually no improvement due to the second iteration, which 

means that no additional benefit was gained from those measurements.  The second 

iteration does provide higher and more consistent final bandwidths, however, so the 

second iteration may still be desirable to the user.   

 
 

TABLE 4.1:  SINGLE-ITERATION ALGORITHM RESULTS 
Bandwidth 

Range
(MHz) 

Start End
Bandwidth 

(MHz)

End End 
ACPR
(dBc)

End 
PAE
(%) 

#
Meas 

5-20 0.44/-20° 14.84 0.49/-17.6° -27.6 7.39 13 

5-20 0.9/90° 15.08 0.52/-17.3° -27.7 7.31 21 

12-20 0 15.00 0.53/-31.0° -27.6 7.24 15 

12-20 0.9/180° 15.25 0.52/-36.8° -27.5 7.12 24 

10-20 0.44/-20° 15.00 0.49/-17.6° -27.9 7.23 13 

10-20 0.9/-90° 15.31 0.54/-26.2° -27.6 7.23 18 

15-20 0 15.31 0.55/-31.9° -27.6 7.10 17 

15-20 0.9/0° 15.31 0.55/-9.9° -27.6 7.13 14 
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TABLE 4.2:  DOUBLE-ITERATION ALGORITHM RESULTS 
Bandwidth 

Range
(MHz) 

Start End
Bandwidth 

(MHz)

End End 
ACPR
(dBc)

End 
PAE
(%) 

#
Meas 

5-20 0.44/-20° 15.31 0.54/-16.0° -27.5 7.22 18 

5-20 0.9/90° 15.31 0.55/-24.9° -27.6 7.17 29 

12-20 0 15.25 0.57/-28.4° -27.8 7.09 20 

12-20 0.9/180° 15.25 0.52/-36.8° -27.5 7.12 29 

10-20 0.44/-20° 15.31 0.54/-16.0° -27.6 7.15 18 

10-20 0.9/-90° 15.47 0.55/-28.5° -27.5 7.15 23 

15-20 0 15.31 0.55/-31.9° -27.6 7.10 22 

15-20 0.9/0° 15.47 0.57/-17.5° -27.5 7.11 22 

 
 

4.3 Summary 

This chapter has presented a fast over-and-up search algorithm to find the 

combination of load reflection coefficient and chirp bandwidth to maximize bandwidth 

within PAE and ACPR constraints.  Measurement results for the algorithm have been 

shown to demonstrate the effectiveness of the algorithm under a variety of conditions. 

The single-iteration version of the algorithm found the optimum location using 13 to 24 

measurements, and the double-iteration version of the algorithm found the optimum 

location using 18 to 29 measurements.  This algorithm is expected to find usefulness in 

future adaptive radar transmitters which need to adjust their operating parameters to 

changing requirements in real time.   
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CHAPTER FIVE

Search Algorithm in the Bias Smith Tube 
 

This chapter has been submitted for publication as: [9] Fellows, M.; Rezayat, S.; Lamers, 
L.; Barkate, J.; Baylis, C.; Tsatsoulas, A.; Cohen, L.; Marks, R.J., “Smith Tube 

Optimization of Drain Voltage and Load Reflection Coefficient to Maximize Power-
Added Efficiency under ACPR Constraints,” –submitted July 2016 for publication in 

IEEE Transactions on Aerospace and Electronic Systems 

 
After algorithms were designed and tested in the Bandwidth Smith Tube, another 

Smith Tube was developed which would use a power amplifier’s drain-to-source voltage 

( ) as its z-axis.  This “Bias Smith Tube,” illustrated in Figure 5.1, was introduced by 

Fellows et al. [44].  Unlike the situation in the Bandwidth Smith Tube, the objective is 

not necessarily to maximize or minimize the value on the vertical axis of the tube.  The 

first search algorithm using the Bias Smith Tube is a simple three-dimensional extension 

of the search algorithm from [2].  Section 5.1 describes this algorithm, Section 5.2 shows 

computer simulation results using this algorithm, and Section 5.3 shows test bench 

measurement results using this algorithm. 

 

5.1 Algorithm Description 

The presented algorithm starts from a user-specified location in the Bias Smith 

Tube and uses a vector-based approach to find the maximum PAE value that can be 

obtained within a user-defined ACPR limit.  In addition to the ACPR limit, the algorithm 

requires a few other user inputs.  The user must provide the value for the step size 

parameter Ds, which is used in calculating the magnitudes of all steps the search will take.  
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Additionally, the user must define the resolution distance .  When the magnitude of the 

search vector decreases below , the search is stopped.   Third, the user must provide 

minimum and maximum drain voltages to be considered by the algorithm.  Finally, the 

user must provide the start location for the algorithm in the Smith Tube. 

 
 

 
Figure  5.1.   The Bias Smith Tube.   The vertical axis represents a bias voltage (drain-
source voltage  in this case), while the horizontal cross section of the tube is a Smith 
chart.  
 
 

Once those inputs have been defined, the  values are normalized between -1 

and 1 using the following equation: 

 

 

 
where  is the normalized drain voltage, is the drain voltage,  is the 

minimum drain voltage to be considered by the algorithm, and is the maximum 

drain voltage to be considered by the algorithm.   Normalizing the  values establishes 

the top and bottom of the Smith Tube while also causing the vertical dimension of the 

Smith Tube to have the same scale (going from -1 to 1) as the horizontal dimension (load 

reflection coefficient  on the Smith Chart.  
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After the algorithm normalizes the  values, it starts taking measurements at the 

user-specified start location.  The algorithm takes a measurement at that candidate 

location and at three neighboring points separated from the initial point by neighboring-

point distance  in each dimension of the search, as shown in Figure 5.2.  These 

measurements are then used to estimate gradients in order to determine the direction of 

steepest descent for ACPR (represented in equations by ) and the direction of steepest 

ascent for PAE (represented in equations by ).  Based on those measurements, the 

search will then calculate a step vector which depends on where the candidate lies in the 

Smith Tube.   

 
 

 

Figure  5.2:   Measured points for PAE and ACPR gradient estimation at a candidate 
 
 

Unit vectors  and  are estimated in the optimal PAE and ACPR, based on 

approximations of the gradients.  If the PAE is represented by , then the PAE gradient is 

given by : 

 

 

 
The partial derivatives in (5.2) are approximated as follows, where  in each case 

represents the change in  when the associated step is taken in the Bias Smith Tube: 



54 

 

 

 

 

 

 
The unit vector in the direction of PAE steepest ascent is calculated using a gradient 

estimation: 

 

 

 
The ACPR gradient, , where  is used to represent ACPR, is estimated using the same 

approach as outlined in equations (5.3) through (5.6), with  replacing .  A unit vector  

is defined in the optimal direction of ACPR travel, which is opposite to the gradient, 

because ACPR improves as it grows smaller.  Thus  is given in the direction of ACPR 

steepest descent:   

 

 

 
A unit vector  bisecting  and  is estimated: 

 

 
 

If the measurement at the current candidate location gives an ACPR that was 

greater than the ACPR limit (out of compliance), then the step vector is defined by  

 
 

 
where  
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This search vector construction is shown in Figure 5.3(a).   is the measured 

ACPR at the candidate location, is the user-defined ACPR limit, and 

 is the measured ACPR value which is farthest from the ACPR limit.   Note 

that  if the ACPR at the candidate is equal to the ACPR limit.  In (5.11),  is the 

value of the bisector angle between  and .  Note that  if the bisector angle is 

equal to 90o.  If , the ACPR and PAE contours are collinear, which means that 

any location with  will have the maximum PAE value for some ACPR limit 

(assuming convex contours).  The collection of all points with  forms the Pareto 

optimum locus [57].    

The ACPR contours may not always be convex; however, the authors have 

observed that the ACPR contours are usually close enough to being convex in the regions 

near the desired optimum for the search algorithm to provide a consistent quality of 

results for all start locations in the Smith Tube.  Since (5.10) goes to zero on the ACPR 

limit contour and (5.11) goes to zero on the Pareto Front, the vector addition in (5.9) 

should converge to the desired optimum.   

A second possibility based on a candidate measurement is that the ACPR at the 

candidate will be less than or equal to the ACPR limit, which means that the present 

candidate is in ACPR compliance.  In that case, the next step which the algorithm takes is 

defined by 
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The only difference between (5.12) and (5.9) is that the vector in (5.12) has a component 

in the direction of steepest ascent for PAE, whereas the vector in (5.9) has a component 

in the direction of steepest descent for ACPR.  This difference recognizes which of those 

two parameters needs improvement.  If the ACPR limit is being met then the algorithm 

tries to improve PAE.  If the ACPR limit is not being met then the algorithm tries to 

improve ACPR.  Also note that and  in (5.12) are the same as in (5.9), which means 

that (5.12) and (5.9) will both converge to the desired optimum location.  Figure 5.3(b)

shows a representation of the step the search will take in this case.   

Before the algorithm can use the calculated step vector, it must first check to make 

sure that the new candidate location is still inside the Smith Tube.  If not, the algorithm 

chooses the closest location to the calculated point that is inside the Smith Tube to be the 

next candidate point.  The algorithm then moves to takes a measurement at the new 

location and performs the following checks: 

 
1) The step to a new candidate point is allowed to leave the ACPR acceptable region 

one time. After the first time, if the step took the search from a candidate inside the 

ACPR acceptable region to a candidate outside the ACPR acceptable region, 

divide the search distance parameter  by 2 and recalculate the step.  This forces 

the algorithm to converge to an optimum even if the user-chosen  value is too 

large for equations (5.9) and (5.12) to decrease quickly enough for the algorithm to 

stop when it nears the desired optimum. 

 
2) If both the new candidate and the old candidate are inside the ACPR acceptable 

region, but the PAE at the new candidate is lower (worse) than the PAE at the old 
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candidate, divide Ds by 2 and recalculate the step.  This allows the algorithm to 

still converge to the constrained optimum in the case where the global PAE 

maximum is inside the ACPR acceptable region. 

 
 

                      

(a)                                            (b) 
Figure 5.3:   Search vectors in the Smith Tube in the cases where (a) candidate 1 ACPR is 
outside the ACPR limit and (b) candidate 1 ACPR is inside the ACPR limit 
 
 

The presented search algorithm repeats the process of candidate measurements 

and steps to new candidates until the magnitude of the step vector  is less than the user-

defined resolution distance .  When that happens the algorithm takes its last candidate 

measurement and then chooses the measured point with the maximum PAE within the 

ACPR limit as the optimum point. 

 

5.2 Simulation Results 

The presented algorithm was tested in simulation using the Advanced Design 

System (ADS) software from Keysight Technologies.  In ADS a Modelithics model of a 

Qorvo TGF2960 field-effect transistor (FET) was used.  The search used an ACPR limit 

of -49 dBc and was tested from a total of 50 different start locations in the Smith Tube.   

Simulations were performed using a CDMA2000 excitation waveform at a fixed center 
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frequency of 3.3 GHz, input power dBm, and gate voltage = 0.9V.  The 

drain voltage  was allowed to vary between 2V and 12V.        

Figure 5.4 shows the surface representing ACPR = -49 dBc and the surface 

representing PAE = 33.04%, which represents the largest PAE value which can be 

obtained within that ACPR limit.  The point where the two surfaces intersect in that 

figure represents the optimum operating point as found by a brute force examination of 

the entire Smith Tube, which requires hundreds of simulated points, taken by multiple 

load-pull simulations at varying values.   The goal of the presented optimization 

algorithm is to avoid the necessity for this exhaustive measurement performance and find 

the optimum operating point as quickly as possible. 

 
 

 
Figure  5.4:   Surface for ACPR = -49 dBc (blue) and surface with PAE  33.04% (red) 
from simulations.  The constrained optimum point is  0.2/90º,  = 6 V. 
 
 

Figure 5.5 and Figure 5.6 show examples for the search trajectories of the fast 

search algorithm from two different starting locations.  These results are typical examples 

of the path that the algorithm will take to reach the optimum.  Table 5.1 shows data for a 

Constrained 
Optimum Point 
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few selected algorithm runs for various starting points throughout the  Smith Tube, 

and Table 5.2 shows statistics summarizing the algorithm results for 50 different 

simulation start locations.  Table 5.1 shows some variation in the final values 

obtained by the algorithm.   While, on first thought, this may appear to be contrary to 

expectations, such differences in the end  value may be expected to occur, since the 

ACPR and PAE surfaces in Figure  5.4 are very close together for a wide range of .  

What is important is that these results show similarity in the constrained optimum PAE 

values. 

 
 

 

Figure  5.5:   Simulation search trajectory for starting  0.8 / 0° with  = 2.5 V.   
The search converges to a constrained optimum at  0.17 /83° with  = 6.02 V, 
requiring a total of 26 measurements.   The constrained optimum PAE is 33.12%, with 
final ACPR = -49.06 dBc. 
 
 

START 

END 
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Figure  5.6:   Simulation search trajectory for starting  0.8 / 90° with = 10.5 V.   
The search converges to a constrained optimum at  0.38 /49° with  = 9.01 V, 
requiring a total of 31 measurements.   The constrained optimum PAE is 31.92%, with 
final ACPR = -49.14 dBc. 
 
 

TABLE 5.1:  SIMULATION RESULTS FOR DIFFERENT STARTING POINTS 
Start Start End End End 

ACPR
(dBc)

End 
PAE
(%) 

#
Meas

0 2.5 0.14/144° 5.01 -49.05 32.05 22 
0.8/0° 4.5 0.19/69° 6.45 -49.43 32.90 27 
0.8/90° 6.5 0.23/74° 6.57 -49.07 33.15 31 
0.8/180° 8.5 0.18/60° 6.52 -49.29 32.86 31 
0.8/-90° 10.5 0.34/52° 8.19 -49.12 32.45 38 

 
 

TABLE 5.2:  SUMMARY OF RESULTS FOR ALL SIMULATED START LOCATIONS 
 Average Median Standard Deviation 

End ACPR -49.26 dBc -49.19 dBc 0.22 dBc 

End PAE 32.49% 32.62% 0.52% 

Mean # of 
Measurements

32.1 31 8.8 

End 6.92 V 6.49 V 1.38 V 

 
 

START 

END 
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5.3 Measurement Results 

 In addition to the simulated algorithm runs in ADS, the presented algorithm was 

tested in measurement for 20 different starting points using a Maury Microwave 

Automated Tuner System (ATS).   Figure 5.7 shows the measurement setup for bench 

testing.  The load impedance tuner provides the desired .  A power meter is used for the 

PAE measurements, and a spectrum analyzer is used to measure ACPR.  The desired 

waveform is produced by a signal generator.  A Microwave Technology MWT-173 GaAs 

metal-semiconductor field-effect transistor (MESFET) was used for the measurement 

testing of the algorithm.  This is a different device than was used for the simulations, in 

effort to provide a different scenario to test algorithm operation.   The waveform used for 

these measurement tests was a modified chirp waveform centered at 3.3 GHz.  The input 

power to the amplifier was held constant at 14.5 dBm, the gate voltage  was held 

constant at -1.5 V, and  was allowed to vary from 2 V to 6 V.   An ACPR limit of  -

28.5 dBc was used for the measurement testing.  

Figure 5.8 shows the surface representing ACPR = -28.5 dBc and the surface 

representing PAE = 32.19%, which represents the largest PAE value which can be 

obtained within the ACPR limit.  The point where the two surfaces intersect in that figure 

represents the constrained optimum combination of  and as found by a brute force 

examination of the entire Smith Tube, which requires hundreds of measured points.  Also 

note that, similarly to the device used for simulation, the PAE and ACPR surfaces are 

close together for a large  range, which could result in a fairly large range of final  

values for the constrained optima found by different algorithm runs.   
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Figure 5.7: Measurement test setup 
 
 

 

Figure 5.8:   Acceptable Region for ACPR limit of -28.5 dBc and region with PAE 
greater than 32.49%, taken from traditional load-pull measurements at multiple values of 

.  The constrained optimum is found at  0.22/158° and  4.5 V. 
 
 

Figures 5.9 and 5.10 show the results of running the search algorithm from two 

different Smith Tube starting locations.  Table 5.3 shows data for a few selected 

algorithm runs for various starting points throughout the Smith Tube, and Table 5.4 

shows statistics summarizing the algorithm’s results for all 20 start locations which were 

measured.   

Constrained 
Optimum Point 
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For the most part, the results in Table 5.3 and Table 5.4 show consistent PAE 

results with some variation in the end locations due to the large region where the PAE 

and ACPR contours are close together, much like in simulation.  However, the start 

location at  0.8/180° and  = 2.5 V showed a lower quality result.  Further analysis 

of the Smith Tube in this region revealed that the ACPR contours in that area are very flat 

and not convex, which causes the algorithm to divide its step size down and stop the 

search too early. This type of ACPR contour is a common occurrence for start locations 

which are particularly far from the desired optimum for the search algorithm.  This 

demonstrates the importance of either choosing start locations which are close to the 

desired optimum or carefully selecting the boundaries of the Smith Tube such that 

regions which are far from the desired optimum are not considered by the search 

algorithm.  

 
 

 

Figure 5.9:   Measurement search trajectory for starting  0.8 / 180° with  4.5 
V.   The search converges to a constrained optimum at  0.25/-141°, 4.54 V, 
requiring a total of 24 measurements.   The constrained optimum PAE is 34.35%, with 
final ACPR = -28.65 dBc.   
 

START END 
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Figure 5.10:   Measurement search trajectory for starting  0.8 / 0° with  3.5 V.   
The search converges to a constrained optimum at  0.35/149°, = 4.48 V, 
requiring a total of 32 measurements.   The constrained optimum PAE is 30.62%, with 
final ACPR = -28.75 dBc.  
 
 

   TABLE 5.3:  MEASUREMENT RESULTS FOR DIFFERENT STARTING POINTS 
Start Start End End End 

ACPR
(dBc)

End 
PAE
(%) 

#
Meas 

0.8/0° 2.5 0.45/170° 4.18 -28.63 30.05 50 

0.8/0° 4.5 0.24/-132° 4.48 -28.75 30.62 41 

0.8/90° 3.5 0.39/157° 4.37 -28.69 30.70 31 

0.8/90° 5.5 0.28/-128° 4.86 -28.70 33.92 30 

0.8/180° 2.5 0.58/177° 3.81 -28.62 24.98 44 

0.8/180° 4.5 0.25/-141° 4.54 -28.65 34.35 24 

0.8/-90° 3.5 0.25/-133° 4.68 -28.61 34.42 40 

0.8/-90° 5.5 0.28/-129° 5.18 -28.99 32.61 24 

0 2.5 0.40/-163° 4.90 -28.60 34.75 73 

0 4.5 0.23/-132° 2.90 -28.52 34.12 39 

 
 

START 

END 
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TABLE 5.4:  SUMMARY OF RESULTS FOR ALL MEASURED START LOCATIONS 
 Average Median Standard 

Deviation 
End ACPR -28.69 dBc 28.66 dBc 0.113 dBc 

End PAE 32.35% 33.74% 2.64% 

# of Measurements 36.1 35.5 12.4 

End 4.67 V 4.69 V 0.44 V 

 
 

5.4 Summary 

This chapter has presented a fast search algorithm to find the combination of load 

reflection coefficient and drain voltage in the  Smith Tube to maximize PAE within 

an ACPR constraint.  Simulation and measurement results for the algorithm have been 

shown to demonstrate the effectiveness of the algorithm under a variety of conditions. A 

potential weakness of the algorithm when using start locations far from the desired 

optimum has also been demonstrated, and possible methods for avoiding this weakness 

have been suggested.  This algorithm is expected to find usefulness in future adaptive 

radar transmitters which need to adjust their operating parameters to changing 

requirements in real time.   
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CHAPTER SIX

Optimization for PAE under Delivered Power and ACPR Constraints on the Smith Chart 
 

This chapter has been published as: [10] Fellows, M.; Lamers, L.; Baylis, C.; Cohen, L.; 
Marks, R.J., “A fast load-pull optimization for power-added efficiency under output 

power and ACPR constraints.” IEEE Transactions of Aerospace and Electronic Systems, 
2016, Volume 52, no. 6, pp. 2906-2916. © 2016 IEEE 

 
 

Analysis of the Bias Smith Tube found an important factor which would require 

additional algorithm considerations.  In many amplifier device settings utilizing the 

previously discussed search algorithms maximizing PAE would also result in high output 

power, which is an important consideration for radar.  As a reminder, PAE is defined by 

the equation 

 

 

In bias situations where the  is nearly constant with input power, such as Class A or 

some Class AB operating modes, increases in PAE would usually be due to increases in 

delivered RF output power.  Other classes of amplifiers, however, may yield changes in 

output power due to self-biasing.  In those cases the changes in bias voltage may result in 

increases in PAE due to decreases in the  term in equation (6.1).  Optimizing for PAE 

without considering delivered output power in such a situation could result in too little 

power for successful illumination and detection of targets. 

In order to account for this possible relationship between PAE and delivered 

power ( ), a new algorithm was designed which uses  as a third output metric for the 



67 

algorithm.  This algorithm seeks to maximize PAE after setting a maximum acceptable 

ACPR limit in order to meet spectral constraints and a minimum acceptable limit in 

order to ensure enough power is transmitted.  Those two constraints divide the search 

space into four regions: a region which does not meet either ACPR or  requirements, a 

region which meets  requirements but not ACPR requirements, a region which meets 

ACPR requirements but not  requirements, and a combined acceptable region which 

meets both ACPR and  requirements.  In addition to all of those scenarios, the 

algorithm must also determine which side of the combined acceptable region will provide 

the optimum location – the side near the ACPR limit boundary or the side near the  

limit boundary.  Section 6.1 describes this optimization algorithm as it is used on the 

Smith Chart, Section 6.2 shows computer simulation results for the algorithm, and 

Section 6.3 shows test bench measurement results for the algorithm. 

 

6.1 Algorithm Description 

This algorithm searches the Smith Chart for the maximum value of PAE which 

can be obtained within constraints on the power delivered to the load ( ) and on ACPR.  

Before the algorithm begins, several parameters must be initialized:  the neighboring 

point distance , the maximum step size , the resolution distance , the starting load 

impedance , the maximum acceptable ACPR, and the minimum acceptable .   

The algorithm begins by measuring the PAE, ACPR, and  values at the starting 

location and three neighboring points, as shown in Figure 6.1.  Each neighboring point is 

separated from the candidate by the neighboring point distance in each of the two 

dimensions considered by the search:  and These measurements allow 
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for the computation of gradients for each of the output variables: PAE, ACPR, and .

Equation (6.2) is then used to calculate the direction of steepest ascent for PAE, equation 

(6.3) is used to calculate the direction of steepest descent for ACPR, and equation (6.4) is 

used to calculate the direction of steepest ascent for Pd.  

  

 

 

 

 

 

 
 

 

Figure  6.1:  Measured  points for PAE, ACPR, and  gradient estimation at a 
candidate 
 
 

The search proceeds using a vector-based approach which varies according to the 

location of the current candidate point in the Smith Tube.  If the measured ACPR value at 

the current candidate is greater than the maximum acceptable ACPR and the measured  

at the current candidate is less than the minimum acceptable , then the algorithm needs 

to provide better results for both of these criteria.  In order to meet that need, the search 

makes a step using the vector  
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This scenario is pictured in Figure 6.2.  and  in equation (6.5) represent the 

step magnitudes in the directions of steepest descent for ACPR and steepest ascent for Pd, 

respectively.  They are defined by the equations 

 

 

 

 

 
In equation (6.6),  is the measured ACPR value at the current candidate 

location,  is the maximum acceptable value of ACPR as defined by the user, 

and  is the furthest ACPR value that the search has measured from the ACPR 

limit.  In equation (6.7),  is the measured  value at the current candidate 

location,  is the minimum acceptable  value as defined by the user, and  

is the furthest  value which the search has measured from the  limit.  Equations (6.6) 

and (6.7) are estimates of the relative improvements needed in ACPR and , 

respectively, to reach the limiting values.  These search magnitudes are designed to reach 

zero when the measured ACPR and  reach the specified limiting values.  In the 

previous search algorithms, the optimum PAE value would lie on the ACPR limit 

contour.  In a similar manner, the optimum PAE value for this algorithm is expected to lie 

on either the ACPR or  limit due to the convexity of the combined acceptable region 

for ACPR and  and the convexity of the PAE contours. 
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Figure 6.2:  Search vector construction when Candidate 1 is outside both the ACPR 
(blue) and  (red) acceptable regions. 
 
 

If the measured ACPR at the candidate point is less than the limiting ACPR 

(acceptable) and the measured  at the candidate is less than the minimum acceptable  

(unacceptable), then the search needs to improve its results for  while maintaining 

acceptable results for ACPR.  In order to achieve that, the search makes a step using the 

vector  

 
 

 
This scenario is pictured in Figure 6.3.   is defined by  

 

 

 
where  is a unit vector in the direction of the bisector between  and  and   is the 

angle between  and .  The step component in the direction of  helps the search to 

improve , while the component in the direction of  helps to keep the search within 

the acceptable region for ACPR.  The combination of these two results in a vector that 
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pulls the search toward the combined acceptable region – that is, the region of the Smith 

Chart which provides acceptable values for both ACPR and .  If no intersection of 

acceptable values for ACPR and  exists, then the search cannot meet its requirements, 

which will require the user to adjust the limits.  If these limits are not adjusted, the search 

will get stuck in one of the acceptable regions, but will never stop because it cannot find a 

location satisfying both limits. 

 
 

 

Figure 6.3:  Search vector construction when Candidate 1 is inside the ACPR acceptable 
region (blue) but outside the  acceptable region (red) 
 
 

If the measured ACPR at the candidate point is greater than the maximum 

acceptable ACPR (unacceptable) and the measured  at the candidate is greater than the 

minimum acceptable (acceptable), then the search needs to improve its results for 

ACPR while maintaining acceptable results for .  In order to achieve that, the search 

makes a step using the vector  
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Equation (6.10) is similar to equation (6.9), but the roles of  and ACPR are swapped.  

Just as in the previous case, this search vector will pull the search towards the combined 

acceptable region.  This scenario is pictured in Figure 6.4.   

 
 

 

Figure 6.4:  Search vector construction when Candidate 1 is inside the  acceptable 
region (red) but outside the ACPR acceptable region (blue) 
 
 

Once the search finds the combined acceptable region for both ACPR and , 

there are two possible scenarios which must be addressed.  Within the combined 

acceptable region, if the bisector angle  between  and  is smaller than the bisector 

angle  between   and , then it is estimated that the maximum PAE within the 

combined acceptable region will lie on the acceptable region boundary, but not 

necessarily on the ACPR acceptable region boundary.  This is because two gradient 

vectors are oppositely directed when on the Pareto optimum locus between the two 

optima associated with the two characteristics.  Thus the closer two gradients are to being 

oppositely directed, the closer it is assumed that the search is to the Pareto optimum locus 
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between the optima of the two characteristics.  If the bisector angle  between  and 

 is smaller than the bisector angle  between   and , it is assumed that the 

search is closer to the PAE-  Pareto optimum locus than it is to the PAE-ACPR Pareto 

optimum locus.  In that case the search will use the step vector  

 
 

 
to find the optimum location.  This scenario is pictured in Figure 6.5.  The  will cause 

the search to obtain better PAE values and will approach a magnitude of zero as the 

search approaches the  limit.   is a unit vector in the direction of the bisector angle 

between   and , and will guide the search toward the PAE-  Pareto optimum locus.  

When the PAE- Pareto optimum locus is reached,  = 90°.   is defined by  

 

 

 
The value of  in equation (6.12) takes the place of the limits that were seen in 

equations (6.6) and (6.7) in order for this equation to approach zero as the search 

approaches the Pareto optimum locus containing optimum tradeoffs between PAE and 

for different  limits.  In the case where that Pareto optimum locus passes through the 

combined acceptable region the search vector in equation (6.11) will naturally reach zero 

when the search finds the maximum PAE within the combined acceptable region.  If that 

Pareto optimum locus does not pass through the combined acceptable region, however, 

the search will reduce its  value in order to prevent the search from leaving the 
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combined acceptable region.  The method used for reducing  is described before the 

beginning of section 6.2.   

 
 

 

Figure 6.5:  Search vector construction when Candidate 1 is inside the combined  and 
ACPR acceptable region and .  The  acceptable region boundary is indicated 
in red and the ACPR acceptable region boundary is indicated in blue.   is expected to 
be the limiting constraint in this case.    
 
  

The other possibility within the combined acceptable region will be encountered 

if the bisector angle  between  and  is greater than the bisector angle  between 

  and .  In that case it seems likely that the search is closer to the PAE-ACPR Pareto 

optimum locus than the PAE-  Pareto optimum locus.  In this case, it is likely that the 

maximum PAE within the combined acceptable region will lie on the ACPR limit, but 

not necessarily on the  limit, which means the search should use the vector 
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to find the maximum PAE within the combined acceptable region.  This scenario is 

pictured in Figure 6.6.  Similar to equation (6.11), the  component in equation (6.13) 

causes the search to find better PAE values and the  component pulls the search 

toward the PAE-ACPR Pareto optimum locus.   is a unit vector in the direction of the 

bisector angle between   and , and  is defined by  

 

 
 

As with equation (6.11), the magnitude of the vector in equation (6.13) will naturally go 

to zero at the point with the maximum PAE within the combined acceptable region if the 

PAE-ACPR Pareto optimum locus passes through that region.  Otherwise  will be 

reduced to prevent the search from leaving the combined acceptable region.   

In the special case where , it is expected that the constrained optimum 

will lie on both boundaries, and either equation (6.11) or equation (6.13) can be used to 

construct the search vector.    For the tests shown later in this chapter, equation (6.13) 

was chosen as the default for the rare case where . 
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Figure 6.6:  Search vector construction when Candidate 1 is inside the combined  and 
ACPR acceptable region and .  The  acceptable region boundary is indicated 
in red and the ACPR acceptable region boundary is indicated in blue.  ACPR is expected 
to be the limiting constraint in this case.   

 
 
As previously mentioned, the search algorithm includes methods to prevent it 

from leaving the various acceptable regions.  Specifically, the algorithm uses the 

following penalties in order to ensure that the algorithm finds the maximum PAE within 

the combined acceptable region: 

1)  If the search begins in one acceptable region (using equation (6.8) or equation 

(6.10)) and the next candidate does not remain within this same acceptable region, 

return to the candidate from which this step was taken, divide the search distance 

parameter  by 2, and recalculate to find the next candidate.   

 
2) If in the combined acceptable region (using equation (6.11) or equation (6.13)), 

and the next candidate is outside the combined acceptable region, return to the 
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candidate from which this step was taken, divide  by 2, and recalculate to find 

the next candidate. 

 
3) If in the combined acceptable region (using equation (6.11) or equation (6.13)), 

and the next candidate is found to have a lower PAE value, return to the candidate 

from which this step was taken, divide  by 2, and recalculate to find the next 

candidate. 

 
The first and second points in the previous list are designed to prevent the 

algorithm from leaving the combined acceptable region.  The third point in that list is 

designed to account for the case where the global PAE maximum is inside the combined 

acceptable region.  In that case the optimum point will not lie on the edge of the 

combined acceptable region, so a step division is required in order to stop the search.  

The search is continued until , the resolution distance, and a  providing ACPR 

and  within limitations has been found.  The largest measured PAE over all measured 

points that is located in the combined acceptable region is selected as the constrained 

optimum.   

 

6.2 Simulation Results 

Initial algorithm testing was performed using Advanced Design System (ADS) 

from Keysight Technologies, with MATLAB implementation of the algorithm code and 

control of the ADS simulations.  A Modelithics model of a Triquint TFG2960 high-

electron mobility transistor (HEMT) was used for the simulations.  The goal of the search 

was to obtain the  providing maximum PAE under constraints dBm and 
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ACPR  -46 dBc.  The transistor used an operating frequency of 3.3 GHz and input 

power of 9 dBm on a CDMA input waveform. Figure 6.7 shows the ACPR and  Smith 

Chart contours, and Figure 6.8 shows the PAE contours.  The PAE and  contours are 

similar in these two figures, which will be true for many devices on the Smith Chart.  The 

boundary region outlined by the limits of ACPR and  acceptability is highlighted in 

Figure 6.7. 

Figure 6.9 shows the search path for starting reflection coefficient 0.  13 

measurements were required to provide a PAE of 34.60% while meeting ACPR and  

constraints.  Figures 6.10, 6.11, 6.12, and 6.13 show the results obtained for various 

starting points around the Smith Chart.  Table 6.1 shows a comparison of the results 

obtained from these different starting points.   

 
 

 
Figure 6.7:  Smith Chart load-pull contours for ACPR and Pd.  The region of acceptable 
ACPR and Pd is highlighted.  
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Figure 6.8:  Smith Chart load-pull contours for PAE. 
 
 

 
Figure 6.9:  Simulation search trajectory for starting .  The search converges to a 
constrained optimum at  0.69 /-179°, requiring a total of 13 measurements.  The 
constrained optimum PAE is 34.60%, with final ACPR = -46.17 dBc and  34.60 
dBm.  
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Figure 6.10:  Simulation search trajectory for starting  0.9 / 0°.  The search 
converges to a constrained optimum at  0.70 /-178°, requiring a total of 25 
measurements.  The constrained optimum PAE is 32.74%, with final ACPR = -46.31 dBc 
and  34.53 dBm. 
 
 

 
Figure 6.11:  Simulation search trajectory for starting  0.9 / 90°.  The search 
converges to a constrained optimum at  0.68 /-175°, requiring a total of 22 
measurements.  The constrained optimum PAE is 31.88%, with final ACPR = -46.22 dBc 
and  34.41 dBm.
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Figure 6.12:  Simulation search trajectory for starting  0.9 / 180°.  The search 
converges to a constrained optimum at  0.73 /178°, requiring a total of 9 
measurements.  The constrained optimum PAE is 32.67%, with final ACPR = -46.50 dBc 
and  34.56 dBm.

 
Figure 6.13:  Simulation search trajectory for starting  0.9 /-90°.  The search 
converges to a constrained optimum at  0.707 /179°, requiring a total of 25 
measurements.  The constrained optimum PAE is 33.76%, with final ACPR = -46.17 dBc 
and  34.66 dBm.
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Table 6.1:  Simulation Results for Different Starting Locations 

 
 

Table 6.1 shows that the optimization results consistently find a result which 

meets ACPR and  requirements while providing a similar quality of PAE.  In these 

measurements, it is expected that either ACPR or  will be limited by its constraint 

value at the end of the search.   For this device and these settings, the ACPR limit is the 

constraint that is encountered by the search (ACPR is constrained to be less than or equal 

to -46 dBc).  The variation in PAE values is only slight, and such variation is possible in 

the slight variations of  endpoint seen in Table 6.1.  The number of measurements 

varies from 9 to 25 for the five starting points used in this experiment.  The value of  is 

significantly above the constraint of 32 dBm in all cases, which supports the expectation 

that ACPR is the limiting parameter in this case.    

 

6.3 Measurement Results 

   The algorithm was tested in measurement using a Skyworks 65017-70LF InGaP 

packaged amplifier using the same test bench setup as shown previously.  The algorithm 

was coded in MATLAB, which is used to control load-pull measurements using an 

Automated Tuner System from Maury Microwave, in conjunction with Keysight 

Technologies power sensor and spectrum analyzer.  

Start End 
ACPR
(dBc)

End 

(dBm)

End 
PAE
(%) 

End End 
ACPR
(dBc)

End 

(dBm)

End 
PAE
(%) 

#
Meas 

0 -38.35 32.01 24.08 0.69/-179° -46.17 34.60 33.41 13 
0.9/0° -36.81 19.99 0.08 0.70/-178° -46.31 34.53 32.74 25 
0.9/90° -36.00 23.24 3.72 0.68/-175° -46.22 34.41 31.88 22 
0.9/180° -46.96 31.05 13.52 0.73/178° -46.50 34.56 32.67 9 
0.9/-90° -38.28 22.46 0.78 0.71/179° -46.17 34.66 33.76 25 
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  For the measurement algorithm tests, the goal of the search was to obtain the  

and providing maximum PAE under the constraints dBm and ACPR  -27.5 

dBc.  Measurements were performed using a center frequency of 3.3 GHz with a 

modified chirp waveform of bandwidth 16 MHz used as the input signal.  For comparison 

with algorithm results, Figure 6.14 shows traditionally measured load-pull contours for 

the Skyworks amplifier.  The region of the Smith Chart providing acceptable ACPR and 

 values is shaded.   

 
 

Figure 6.14:  Traditionally measured load-pull contours for PAE, ACPR, and .  The 
region providing  dBm and ACPR  -27.5 dBc is shaded.  This is the region 
bounded by the  dBm and ACPR = -27.5 dBc contours.   The PAE contours are 
displayed in blue, the ACPR contours are displayed in green, and the  contours are 
displayed in red.

 
Figure 6.15 shows the measurement results of the search for a starting reflection 

coefficient  = 0.  From this starting point, the search converges with a total of 17 

measurements.  Figures 6.16 through 6.19 show the measured search trajectories from 

additional starting points on the Smith Chart.  The results obtained from measurement 



84 

testing of the algorithm from multiple starting points are summarized in Table 6.2.  For 

each starting point, the ACPR is the limiting constraint, and the ACPR values of the 

endpoints are all very close to the constraint value of -27.5 dBc.  The final values of PAE 

all correspond (within tenths of a percentage point), and the optima selected by the search 

are all in close proximity on the Smith Chart.  

 
 

Table 6.2:  Measurement Results for Different Starting Locations 

 
 

 
Figure 6.15:  Measurement search trajectory for starting  0.  The search converges to 
a constrained optimum at  0.47 /-37°, requiring a total of 17 measurements.   The 
constrained optimum PAE is 7.78%, with final ACPR = -27.77 dBc and  18.54 
dBm. 
 
 

 

Start Start
ACPR
(dBc)

Start

(dBm)

Start
PAE
(%) 

End End 
ACPR
(dBc)

End 

(dBm)

End 
PAE
(%) 

#
Meas 

0 -24.33 17.90 6.70 0.47/-37° -27.77 18.54 7.78 17 
0.9/0° -28.69 10.31 1.02 0.46/-33° -27.51 18.62 7.92 11 
0.9/90° -22.66 8.25 0.57 0.47/-29° -27.58 18.57 7.82 28 
0.9/180° -20.63 9.25 0.75 0.52/-33° -27.85 18.44 7.59 19 
0.9/-90° -23.23 11.79 1.44 0.51/-51° -27.56 18.38 7.46 10 
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Figure 6.16:  Measurement search trajectory for starting  0.9 /0°.  The search 
converges to a constrained optimum at  0.46 /-33°, requiring a total of 11 
measurements.  The constrained optimum PAE is 7.92%, with final ACPR = -27.51 dBc 
and  18.62 dBm. 
 
 

 
Figure 6.17:  Measurement search trajectory for starting  0.9 /90°.  The search 
converges to a constrained optimum at  0.47 /-29°, requiring a total of 28 
measurements.  The constrained optimum PAE is 7.82%, with final ACPR = -27.58 dBc 
and  18.57 dBm. 
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Figure 6.18:  Measurement search trajectory for starting  0.9 /180°.  The search 
converges to a constrained optimum at  0.52 /-33°, requiring a total of 19 
measurements.  The constrained optimum PAE is 7.59%, with final ACPR = -27.85 dBc 
and  18.44 dBm. 
 
 

 
Figure 6.19:  Measurement search trajectory for starting  0.9 /-90°.  The search 
converges to a constrained optimum at  0.51 /-51°, requiring a total of 10 
measurements.  The constrained optimum PAE is 7.46%, with final ACPR = -27.56 dBc 
and  18.38 dBm. 
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As in simulation, the measurement results meet ACPR and  requirements in all 

cases while providing similar PAE values.  Also like in simulation, the optimum PAE 

value lies near the ACPR limit, but not near the  limit.  While the ACPR limit is the 

constraining factor both for the simulation device and for this measurement device, that is 

not necessarily going to be true for all cases.  Certainly that may no longer be the case 

when this algorithm is adapted for the Bias Smith Tube (see Chapter Seven).  In addition, 

there may also be classes of amplifiers where self-biasing is involved.  In those cases the 

constraint on output power may prove to be useful on the Smith Chart as well as in the 

Bias Smith Tube. 

 

6.4 Summary 

This chapter has presented a fast load-pull algorithm to search for the load 

reflection coefficient maximizing power-added efficiency while meeting constraints on 

the adjacent-channel power ratio and delivered power.  The presented algorithm has been 

shown to succeed in both simulation and measurement, requiring between 10 and 28 

measured points to find the constrained optimum.  The accuracy and small number of 

measurements required to converge should allow this algorithm to be used in real-time 

optimization of transmitter power amplifiers.  The search algorithm provides efficient 

transmission while ensuring sufficient power to illuminate radar targets and minimizing 

adjacent-channel power to meet spectral requirements.   
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CHAPTER SEVEN 
 

Optimization for PAE under Delivered Power and ACPR Constraints in the Bias Smith 
Tube 

 
This chapter has been submitted for publication as: [11] Fellows, M.; Rezayat, S.; Magee, 

A.; Baylis, C.; Cohen, L.; Marks, R.J., “Load-Pull Optimization for Power-Added 
Efficiency under Delivered Power and ACPR Constraints in the Drain Voltage Smith 
Tube,” –submitted for publication in IEEE Transactions on Aerospace and Electronic 

Systems
 
 

Since the algorithm described in Chapter Seven was successful in maximizing 

PAE within output power and ACPR constraints on the Smith Chart, the next step was to 

create a three-dimensional version of that algorithm for use in the Bias Smith Tube.  As 

mentioned in the previous chapter, this algorithm was originally designed to account for 

cases where maximizing PAE does not provide sufficient output power from the 

amplifier, which is a particularly likely scenario in the Bias Smith Tube.  In the Bias 

Smith Tube it is quite common for higher PAE values to be due to lower bias voltages 

which, in turn, yield lower DC power to the amplifier and lower transmitted RF output 

power.  Such reductions in RF output power can result in too little power for successful 

detection of targets, so a radar design using the Bias Smith Tube needs to consider 

delivered power in addition to PAE and ACPR.  Section 7.1 describes the optimization 

algorithm as used in the Bias Smith Tube, Section 7.2 shows computer simulation results 

for the algorithm, and Section 7.3 shows test bench measurement results for the 

algorithm. 
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7.1 Algorithm Description 

This algorithm searches the Bias Smith Tube for the maximum value of PAE 

which can be obtained within constraints on the power delivered to the load ( ) and on 

ACPR.  Before the algorithm begins, several variables must be initialized:  the 

neighboring point distance , the maximum step size , the resolution distance , the 

starting load impedance , the starting drain voltage , the minimum  value to be 

considered by the search, the maximum  value to be considered by the search, the 

maximum acceptable ACPR, and the minimum acceptable delivered power .  In order 

to proceed with the search, all values must then be normalized between -1 and 1 

using the following equation: 

 

 

 
where  is the normalized drain voltage, is the drain voltage,  is the 

minimum drain voltage to be considered by the algorithm, and is the maximum 

drain voltage to be considered by the algorithm.  This normalization allows the  

values to be compared directly to the  values, which also range from -1 to 1. 

 
 

 

Figure  7.1.  Measured points for PAE, ACPR, and  gradient estimation at a candidate 
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Once the  values have been normalized, the algorithm begins by measuring the 

PAE, ACPR, and  values at the starting location and three neighboring points, as 

shown in Figure 7.1.  Each neighboring point is separated from the candidate by the 

neighboring point distance in each of the three dimensions considered by the search:  

, , and These measurements allow for the computation of gradients 

for each of the output variables: PAE, ACPR, and . Equation (7.2) is then used to 

calculate the direction of steepest ascent for PAE, equation (7.3) is used to calculate the 

direction of steepest descent for ACPR, and equation (7.4) is used to calculate the 

direction of steepest ascent for .   

 

 

 

 

 

 

 
The search proceeds using a vector-based approach which varies according to the 

location of the current candidate point in the Smith Tube.  If the measured ACPR value at 

the current candidate is greater than the maximum acceptable ACPR and the measured  

at the current candidate is less than the minimum acceptable , then the algorithm needs 

to provide better results for both of those outputs.  In order to meet that need, the search 

makes a step using the vector  
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This scenario is pictured in Figure 7.2.  and  in equation (7.5) represent the 

step magnitudes in the directions of steepest descent for ACPR and steepest ascent for , 

respectively.  They are defined by the equations 

 

 

 

 

 
In equation (7.6),  is the measured ACPR value at the current candidate 

location,  is the maximum acceptable value of ACPR as defined by the user, 

and  is the furthest ACPR value that the search has measured from the ACPR 

limit.  In equation (7.7),  is the measured  value at the current candidate 

location,  is the minimum acceptable  value as defined by the user, and  

is the furthest  value which the search has measured from the limit.  Equations (7.6) 

and (7.7) are estimates of the relative improvements needed in ACPR and , 

respectively, to reach the limiting values.  These search magnitudes are designed to reach 

zero when the measured ACPR and  reach the specified limiting values.  As in Chapter 

Six, the optimum PAE value is expected to lie on either the ACPR or  limit due to the 

convexity of the combined acceptable region for ACPR and  and the convexity of the 

PAE contours. 

 



92 

 

Figure 7.2:  Search vector construction when Candidate 1 is outside both the ACPR 
(blue) and  (red) acceptable regions. 
 
 

If the measured ACPR at the candidate point is less than the limiting ACPR 

(acceptable) and the measured  at the candidate is less than the minimum acceptable  

(unacceptable), then the search needs to improve its results for  while maintaining 

acceptable results for ACPR.  In order to achieve that, the search makes a step using the 

vector  

 
 

 
This scenario is pictured in Figure 7.3.   is defined by  

 

 
 
where  is a unit vector in the direction of the bisector between  and  and   is the 

angle between  and .  The step component in the direction of  helps the search to 

improve , while the component in the direction of  helps to keep the search within 
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the acceptable region for ACPR.  The combination of these two results in a vector that 

pulls the search toward the combined acceptable region – that is, the region of the Smith 

Tube which provides acceptable values for both ACPR and Pd.  If no intersection of 

acceptable values for ACPR and  exists, then the search cannot meet its requirements, 

which will require the user to adjust the limits.  If these limits are not adjusted, the search 

will get stuck in one of the acceptable regions, but will never stop because it cannot find a 

location satisfying both limits. 

 
 

 

Figure 7.3:  Search vector construction when Candidate 1 is inside the ACPR acceptable 
region (blue) but outside the  acceptable region (red) 
 
 

If the measured ACPR at the candidate point is greater than the maximum 

acceptable ACPR (unacceptable) and the measured  at the candidate is greater than the 

minimum acceptable (acceptable), then the search needs to improve its results for 
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ACPR while maintaining acceptable results for Pd.  In order to achieve that, the search 

makes a step using the vector  

 
 

 
Equation (7.10) is similar to equation (7.9), but the roles of  and ACPR are swapped.  

Just as in the previous case, this search vector will pull the search towards the combined 

acceptable region.  This scenario is pictured in Figure 7.4.   

 
 

 

Figure 7.4:  Search vector construction when Candidate 1 is inside the  acceptable 
region (red) but outside the ACPR acceptable region (blue) 
 
 

Once the search finds the combined acceptable region for both ACPR and , 

there are two possible scenarios which must be addressed.  Within the combined 

acceptable region, if the bisector angle  between  and  is smaller than the bisector 

angle  between   and , then it is estimated that the maximum PAE within the 

combined acceptable region will lie on the  acceptable region boundary but not 
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necessarily on the ACPR acceptable region boundary.  This is because two gradient 

vectors are oppositely directed when on the Pareto optimum locus between the two 

optima associated with the two characteristics.  Thus the closer two gradients are to being 

oppositely directed, the closer it is assumed that the search is to the Pareto optimum locus 

between the optima of the two characteristics.   

If the bisector angle  between  and  is smaller than the bisector angle  

between   and , it is assumed that the search is closer to the PAE-  Pareto optimum 

locus than it is to the PAE-ACPR Pareto optimum locus.  In that case the search will use 

the step vector  

 
 

 
to find the optimum location.  This scenario is pictured in Figure 7.5.  The  will cause 

the search to obtain better PAE values and will approach a magnitude of zero as the 

search approaches the  limit.   is a unit vector in the direction of the bisector angle 

between   and , and will guide the search toward the PAE- Pareto optimum locus.  

When the PAE- Pareto optimum locus is reached,  = 90°.   is defined by  

 

 
 
The value of  in equation (7.12) takes the place of the limits that were seen in 

equations (7.6) and (7.7) in order for this equation to approach zero as the search 

approaches the Pareto optimum locus containing optimum tradeoffs between PAE and 

for different  limits.  In the case where that Pareto optimum locus passes through the 

combined acceptable region, the search vector in equation (7.11) will naturally reach zero 



96 

when the search finds the maximum PAE within the combined acceptable region.  If that 

Pareto optimum locus does not pass through the combined acceptable region, however, 

the search will reduce its  value in order to prevent the search from leaving the 

combined acceptable region.  The method used for reducing  is described before the 

beginning of section 7.3.   

 
 

 

Figure 7.5:  Search vector construction when Candidate 1 is inside the combined  and 
ACPR acceptable region and .  The  acceptable region boundary is indicated 
in red and the ACPR acceptable region boundary is indicated in blue.   is expected to 
be the limiting constraint in this case.     
 
 

The other possibility within the combined acceptable region will be encountered 

if the bisector angle  between  and  is greater than the bisector angle  between 

  and .  In that case it seems likely that the search is closer to the PAE-ACPR Pareto 

optimum locus than the PAE-  Pareto optimum locus.  In this case, it is likely that the 
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maximum PAE within the combined acceptable region will lie on the ACPR limit, but 

not necessarily on the  limit, which means the search should use the vector 

 
 
to find the maximum PAE within the combined acceptable region.  This scenario is 

pictured in Figure 7.6.  Similar to equation (7.11), the  component in equation (7.13) 

causes the search to find better PAE values and the  component pulls the search 

toward the PAE-ACPR Pareto optimum locus.   is a unit vector in the direction of the 

bisector angle between   and , and  is defined by  

 

 
 
As with equation (7.11), the magnitude of the vector in equation (7.13) will naturally go 

to zero at the point with the maximum PAE within the combined acceptable region if the 

PAE-ACPR Pareto optimum locus passes through that region.  Otherwise  will be 

reduced to prevent the search from leaving the combined acceptable region.   

In the special case where , it is expected that the constrained optimum 

will lie on both boundaries, and either equation (7.11) or equation (7.13) can be used to 

construct the search vector.    For the tests shown later in this chapter, equation (7.13) 

was chosen as the default for the rare case where . 
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Figure 7.6:  Search vector construction when Candidate 1 is inside the combined  and 
ACPR acceptable region and .  The  acceptable region boundary is indicated 
in red and the ACPR acceptable region boundary is indicated in blue.  ACPR is expected 
to be the limiting constraint in this case.   
 
 

As previously mentioned, the search algorithm includes methods to prevent it from 

leaving the various acceptable regions.  Specifically, the algorithm uses the following 

penalties in order to ensure that the algorithm finds the maximum PAE within the 

combined acceptable region: 

1)  If the search begins in one acceptable region (using equation (7.8) or equation 

(7.10)) and the next candidate does not remain within this same acceptable region, 

return to the candidate from which this step was taken, divide the search distance 

parameter  by 2, and recalculate to find the next candidate.   

 
2) If in the combined acceptable region (using equation (7.11) or equation (7.13)), 

and the next candidate is outside the combined acceptable region, return to the 
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candidate from which this step was taken, divide  by 2, and recalculate to find 

the next candidate. 

 
3) If in the combined acceptable region (using equation (7.11) or equation (7.13)), 

and the next candidate is found to have a lower PAE value, return to the candidate 

from which this step was taken, divide  by 2, and recalculate to find the next 

candidate. 

 
The first and second points in the previous list are designed to prevent the 

algorithm from leaving the combined acceptable region.  The third point in that list is 

designed to account for the case where the global PAE maximum is inside the combined 

acceptable region.  In that case the optimum point will not lie on the edge of the 

combined acceptable region, so a step division is required in order to stop the search.  

The search is continued until , the resolution distance, and a point providing 

ACPR and  within limitations has been found.  The largest measured PAE over all 

measured points that is located in the combined acceptable region is selected as the 

constrained optimum.   

 
7.2 Simulation Results 

Initial algorithm testing was performed using Advanced Design System (ADS) 

from Keysight Technologies, with MATLAB implementation of the algorithm code and 

control of the ADS simulations.  A Modelithics model of a Qorvo TFG2960 high-

electron mobility transistor (HEMT) was used for the simulations.  The goal of the search 

was to obtain the combination providing maximum PAE under constraints 

dBm and ACPR  -45.5 dBc.  The transistor used an operating frequency of 3.3 GHz, 
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input power of 9 dBm on a CDMA input waveform, and a constant gate-to-source 

voltage  -0.9 V.   was allowed to vary between 2 and 14 V. Figure 7.7 shows the 

 Smith Tube with a yellow surface to indicate the combined acceptable region and a 

red surface to indicate the surface with the maximum PAE that is attainable within the 

combined acceptable region. The point where those two shapes intersect is the desired 

optimum.   

 
 

 

Figure 7.7:  Bias Smith Tube showing the combined acceptable region (yellow), the 
surface showing the points providing the maximum attainable PAE (red), and the desired 
optimum 
 
 

Figure 7.8 shows the search path for starting reflection coefficient 0.8/90° 

and starting  11 V.  30 measurements were required to provide a PAE of 31.58% 

while meeting ACPR and  constraints.  Figure 7.9 shows the search path for a second 

starting reflection coefficient (  0.8/180° and starting  7 V. For that case 41 

measurements were required to find a PAE of 32.06% while again meeting ACPR and  

Region of Acceptable 
ACPR and  

Desired Optimum 

Maximum Attainable 
PAE surface 
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constraints.  The search was performed for 30 different starting locations in the  Smith 

Tube, and the results are compiled in Table 7.1.  

 
 

 

Figure 7.8:  Simulation search trajectory for starting  0.8 /90° and VDS = 11V .  The 
search converges to a constrained optimum at  0.51/46.00° and VDS = 10.42 V, 
requiring a total of 30 measurements.   
 
 

 

Figure 7.9:  Simulation search trajectory for starting  0.8 / 180° and VDS = 7V.  The 
search converges to a constrained optimum at  0.48 /45.90°, requiring a total of 41 
measurements. 
 

START 

END 

START 

END 
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Table 7.1:  Simulation Results for Different Starting Locations 

 
 

Table 7.1 shows that the optimization results consistently find a result which 

meets ACPR and  requirements while providing a similar quality of PAE in most 

cases.  The standard deviation in the final PAE results is 1.07%. In these simulations the 

optimum point lies on the limit in these simulations, so ACPR results vary 

significantly whereas the  results are more consistent. A couple of the search results for 

Start Start

(V)
End

End

(V)

End
ACPR
(dBc)

End

(dBm)

End
PAE
(%) 

#
Meas 

0.8/0° 3 0.48/46° 9.71 -46.05 25.08 32.18 37 
0.8/0° 5 0.46/54° 9.57 -47.62 25.00 31.83 34 
0.8/0° 7 0.52/49° 10.44 -46.13 25.38 31.51 36 
0.8/0° 9 0.53/49° 10.47 -45.86 25.37 31.48 92 
0.8/0° 11 0.52/49° 10.24 -45.71 25.27 31.68 120 
0.8/0° 13 0.58/44° 13.23 -47.96 26.44 29.37 39 
0.8/90° 3 0.48/46° 9.82 -46.05 25.13 32.09 37 
0.8/90° 5 0.47/44° 9.86 -46.93 25.17 31.87 41 
0.8/90° 7 0.50/46° 10.16 -46.05 25.27 31.79 38 
0.8/90° 9 0.52/49° 10.35 -45.78 25.32 31.59 52 
0.8/90° 11 0.51/46° 10.42 -46.02 25.38 31.58 30 
0.8/90° 13 0.53/46° 10.57 -45.69 25.42 31.48 47 
0.8/180° 3 0.45/49° 9.56 -47.29 25.03 32.07 38 
0.8/180° 5 0.47/46° 9.59 -46.27 25.03 32.25 41 
0.8/180° 7 0.48/46° 9.83 -46.13 25.14 32.06 41 
0.8/180° 9 0.50/45° 9.91 -45.58 25.15 32.05 34 
0.8/180° 11 0.57/43° 12.31 -46.46 26.1 30.08 31 
0.8/180° 13 0.57/40° 11.92 -45.93 25.94 30.29 40 
0.8/-90° 3 0.32/38° 10.29 -55.37 25.09 27.98 26 
0.8/-90° 5 0.52/49° 10.39 -45.96 25.34 31.54 95 
0.8/-90° 7 0.45/46° 9.56 -47.24 25.03 32.08 40 
0.8/-90° 9 0.47/48° 9.57 -46.25 25.02 32.27 25 
0.8/-90° 11 0.44/43° 9.57 -47.59 25.04 31.91 31 
0.8/-90° 13 0.57/41° 11.90 -45.85 25.92 30.31 64 
0/0° 3 0.53/49° 10.52 -45.89 25.39 31.44 88 
0/0° 5 0.56/44° 11.96 -46.76 25.99 30.32 31 
0/0° 7 0.52/50° 10.05 -45.58 25.19 31.86 52 
0/0° 9 0.47/46° 9.61 -46.07 25.03 32.26 33 
0/0° 11 0.55/45° 12.05 -47.48 26.03 30.19 32 
0/0° 13 0.61/46° 13.39 -46.68 26.44 29.27 30 
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start locations near the top or bottom of the Smith Tube provide PAE up to 4 percent 

below the average result.  In these cases the search stops earlier than in other cases 

because the step size goes below the resolution distance sooner than is typical.  Such 

situations can easily be avoided by choosing to start the algorithm near the center of the 

Smith Tube. If starting at the center of the Smith Tube is unacceptable to the user then a 

closer agreement in the PAE results can also be achieved by reducing the resolution 

distance , but doing so will result in an increase in the number of measurements 

required to find the optimum. Table 7.2 shows statistics summarizing the ACPR, , and 

PAE simulation results.  

 
 

Table 7.2:  Summary of Results for All Simulated Start Locations 
 Average Median Standard Deviation 

End ACPR (dBc) -46.67 -46.10 1.78 
End  (dBm) 25.40 25.27 0.435 
End PAE (%) 31.29 31.64 1.07 

# Meas. 46 38 23 
 
 

7.3 Measurement Results 

This algorithm was measurement tested using the same test bench setup as shown 

previously.  A Microwave Technologies MWT-173 field-effect transistor (FET) was used 

for this testing.  The algorithm was coded in MATLAB, which is used to control load-

pull measurements using an Automated Tuner System from Maury Microwave, in 

conjunction with Keysight Technologies power sensor and spectrum analyzer.  

 For the measurement algorithm runs, the goal of the search was to obtain the 

combination of  and providing maximum PAE under the constraints dBm 

and ACPR  -29.5 dBc.  Mesaurements were performed using a center frequency of 3.3 
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GHz, an input power of 14.5 dBm, and gate-to-source voltage  = -1.5 V.   was 

allowed to vary from 2 V to 6 V.  For comparison with algorithm results, Figure 7.10 

shows traditionally measured characteristics of interest in the  Smith Tube.  The 

yellow surface indicates the combined acceptable region and the red surface shows the 

maximum attainable PAE within the combined acceptable region.  The optimum is the 

point at which these two surfaces are touching. 

 
 

Figure 7.10:  Bias Smith Tube showing the combined acceptable region, the surface with 
the maximum attainable PAE, and the desired optimum 
 
 

As in simulation, the search algorithm was tested from several starting locations 

within the Smith Tube.  Figure 7.11 shows the measurement results of the search for a 

starting reflection coefficient  0.8 /90° and starting = 3.5 V.  From this starting 

point, the search converges with a total of 26 measurements and yields a PAE of 27.48% 

while meeting ACPR and  requirements.  Figure 7.12 shows the measurement results 

for a search starting from  0 /0° and = 2.5 V.  From this starting point the 

algorithm provided a PAE of 29.52% after 26 measurements and again met ACPR and  

Acceptable Region 
for ACPR and  

Surface with 
maximum attainable 
PAE 

Desired 
Optimum 
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requirements. Table 7.3 shows results for 20 different start locations within the Smith 

Tube.  Table 7.4 shows a summary of the statistics for the measurement algorithm results. 

 
 

 

Figure 7.11:  Measurement search trajectory for starting  and VDS=3.5V.  
The search converges to a constrained optimum at  0.22 /-163°, requiring a total of 
26 measurements.    
 
 

 

Figure  7.12:  Measurement search trajectory for starting  0 /0° and VDS=2.5V.  The 
search converges to a constrained optimum at  .27 /-154°, requiring a total of 26 
measurements.   
 

START 

END 

START 

END 
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Table 7.3:  Measurement Results for Different Starting Locations 

 
 

Table 7.4:  Summary of Results for All Measured Start Locations 
 Average Median Standard Deviation 

End ACPR (dBc) -29.59 -29.58 0.068 
End  (dBm) 20.87 21.02 0.53 
End PAE (%) 29.16 29.62 2.02 

# Meas. 29 27 5.8 
 

As in simulation, the measurement results meet ACPR and  requirements in all 

cases while providing similar PAE values in most cases.  The result from starting point 

 = 0.8/0°,  = 2.5 V does show significantly lower PAE than the other results in the 

table.  This is due to its start location in the opposite corner of the Smith Tube from the 

desired optimum. This start location is so far from the optimum that the step size was 

reduced below the resolution distance as soon as the search found a point which met both 

limits, which results in the search stopping at a lower PAE value than was shown in other 

Start Start

(V)

End End

(V)

End
ACPR
(dBc)

End

(dBm)

End
PAE
(%) 

#
Meas 

0.8/0° 2.5 0.33/105° 4.11 -29.61 19.03 21.37 45 
0.8/0° 3.5 0.23/-142° 5.15 -29.52 21.03 30.86 33 
0.8/0° 4.5 0.30/-131° 5.33 -29.67 21.02 29.28 21 
0.8/0° 5.5 0.28/-114° 5.71 -29.59 21.27 29.34 34 
0.8/90° 2.5 0.29/-179° 4.50 -29.54 20.2 27.79 26 
0.8/90° 3.5 0.22/-162° 4.72 -29.54 20.27 27.48 26 
0.8/90° 4.5 0.22/-128° 5.28 -29.51 21.00 30.16 27 
0.8/90° 5.5 0.24/-118° 5.59 -29.63 21.18 29.49 31 
0.8/180° 2.5 0.21/148° 5.06 -29.51 20.92 30.74 34 
0.8/180° 3.5 0.21/-156° 4.93 -29.63 20.62 29.04 30 
0.8/180° 4.5 0.21/-131° 5.24 -29.52 20.95 30.08 26 
0.8/180° 5.5 0.24/-113° 5.65 -29.58 21.23 29.65 30 
0.8/-90° 2.5 0.28/-132° 5.33 -29.56 21.2 30.74 41 
0.8/-90° 3.5 0.25/-129° 5.30 -29.57 21.02 29.95 25 
0.8/-90° 4.5 0.26/-116° 5.61 -29.6 21.22 29.62 26 
0.8/-90° 5.5 0.26/-113° 5.82 -29.74 21.33 29.00 26 
0/0° 2.5 0.27/-154° 5.03 -29.73 20.84 29.52 26 
0/0° 3.5 0.21/-126° 5.39 -29.62 21.04 29.68 26 
0/0° 4.5 0.25/-135° 5.22 -29.57 20.91 29.62 27 
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cases. As with the simulation results, this potential problem can be prevented either by 

choosing a start location in the center of the Smith Tube or by reducing the resolution 

distance  and sacrificing the additional measurements required to obtain a better result. 

Another noteworthy point in Table 7.3 is that the end results typically provide ACPR 

values close to the ACPR limit and  values that are not close to the  limit.   

Using simulation and measurement on two different devices, we have 

demonstrated situations showing that either  or ACPR can serve as the limiting 

constraint.  In the case of the device used for simulation, the optimization is ultimately 

constrained by , whereas the optimization for the device used in measurements is 

ultimately constrained by ACPR.  Which of those two situations is encountered will vary 

depending on the device, the ACPR limit, and the  limit.  Both scenarios are expected 

to be found regularly in the Bias Smith Tube, so the algorithm’s ability to handle either 

scenario is a significant factor in its general applicability. 

7.4 Summary 

This chapter has presented a fast load-pull algorithm to search for the combination 

of load reflection coefficient and drain-to-source voltage maximizing power-added 

efficiency while meeting constraints on the adjacent-channel power ratio and delivered 

power.  The presented algorithm has been shown to succeed in both simulation and 

measurement, regardless of whether ACPR or delivered power is the constraining factor 

on the power amplifier’s efficiency.  The accuracy and small number of measurements 

required to converge should allow this algorithm to be used in real-time optimization of 

transmitter power amplifiers.  The tuning algorithm provides efficient transmission while 
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ensuring sufficient power to illuminate radar targets and minimizing adjacent-channel 

power to meet spectral requirements.   
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CHAPTER EIGHT

Conclusion 

 
As wireless technology and dynamic spectrum allocation continue to proliferate, 

the ability to dynamically reconfigure radar transmitter power amplifiers will become 

more important.  Future radar and communication transmitters need the flexibility to 

adjust their power amplifier circuits to new requirements in real-time in order to be better 

spectral neighbors, especially in dynamic spectrum access environments.  This 

dissertation presents reconfigurable amplifier algorithms that can be used in future 

adaptive radar transmitters, permitting flexible coexistence with other wireless devices.  

First,  provides a new metric for determining spectral compliance.  This new metric 

can be used in the place of ACPR for search algorithms and has been shown to provide 

spectral compliance while maximizing power efficiency for a variety of start conditions.  

ACPR is more resilient to measurement noise and is often a built-in measurement in 

spectrum analyzers, but it does not directly show spectral compliance or consider the 

slope in the spectral mask.   can directly show compliance with a spectral mask, which 

guarantees that the end algorithm result will be spectrally compliant. 

The Smith Tube can be used to visualize power amplifier design input and output 

parameters more easily, and the proposed search algorithms demonstrate one way the 

Smith Tube can be utilized. Each version of the Smith Tube may bring different 

optimization challenges and opportunities.  The Bandwidth Smith Tube uses waveform 

bandwidth (for a linear up-chirp, in this case) as the z axis.  The three-dimensional, 
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vector-based search in the Bandwidth Smith Tube showed the first extension of the 

search algorithm in [2] to the Smith Tube and was used successfully in maximizing chirp 

bandwidth within PAE and ACPR limits.  An “over-and-up” optimization method takes 

advantage of specific opportunities created by the search space of the Bandwidth Smith 

Tube to potentially provide a faster optimization process.  Both algorithms provided 

consistent results for a variety of start locations in the Smith Tube. 

The Bias Smith Tube uses amplifier drain-to-source voltage as its z-axis and 

allows for search algorithms to account for changes in bias voltage in addition to changes 

in load impedance.  The algorithm in Chapter Five shows that a simple extension of the 

two-dimensional Smith Chart search algorithm [2] to three dimensions can be used to 

maximize PAE within an ACPR limit.  These search results show consistent quality from 

most start locations, but they also demonstrate additional complexity in the Smith Tube.  

Choosing a start location which is very far from the optimum location in the Smith Tube 

may yield a lower quality of final result.  Fortunately, the search algorithm is designed to 

give the user options to mitigate these potential problems such as reducing the resolution 

distance, choosing a start location at the center of the Smith Tube, or choosing a smaller 

range of bias voltage in the Smith Tube.   

Examination of the Bias Smith Tube also shows, however, that simply 

maximizing PAE within an ACPR limit may not be enough for a radar system.  High 

output power is extremely important for a radar system, so a search algorithm has been 

presented to consider output power in addition to PAE and ACPR.  This algorithm places 

a limit on output power in addition to the limit on ACPR.  That algorithm can maximize 
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the PAE within those two limits both on the Smith Chart and in the Bias Smith Tube, 

regardless of whether the PAE is more limited by the ACPR or by the output power.   

These different research elements all represent unique contributions from this 

dissertation which can be implemented both in future radar systems and possibly in other 

fields that require power amplifier design.  The Smith Tube offers a great deal of 

flexibility for use as a design tool, and exploration of its potential has only just begun.  

Future work is expected to continue to improve these algorithms and adapt them to be 

operated from smaller platforms, such as a field programmable gate array (FPGA) that 

can be deployed as the “brain” of a cognitive or adaptive radar system.  Another 

necessary ongoing area of research for implementation of these algorithms is 

development of smaller circuit tuning and measurement equipment than was used for 

testing of these algorithms.  Those new hardware components are expected to handle the 

high output power levels associated with radar and provide faster tuning capabilities, 

which will allow them to use these search algorithms to make adaptive radar transmission 

a reality. 
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