
 

 

 

 

 

 

 

 

ABSTRACT 

 

Faster Circuit Optimization Techniques for Full-Band and Notched Waveforms to Enable 

Next-Generation Radar 

 

Angelique A. Dockendorf, M.S.E.C.E. 

 

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

 

 

 As the wireless spectrum becomes increasingly congested, more efficient sharing 

of the spectrum is desperately needed. In order to coexist, next-generation radars will 

have to adapt their spectral use in real-time. Two useful baseline technologies in 

interference-avoiding, adaptive spectrum technologies are the fast reconfiguration of the 

transmitter power amplifier circuitry and the transmission of spectrally notched 

waveforms. This thesis presents two algorithms for the real-time circuit optimization 

necessary in spectrally agile radars: a modified gradient search algorithm for application 

to a high-power, evanescent-mode cavity tuner that uses previous results to improve 

reconfiguration time and a modified gradient search algorithm compatible with spectrally 

notched waveforms. Additionally, this work discusses iterative circuit optimization 

algorithms for a designed electrically actuated switched-stub tuner.  
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CHAPTER ONE 

 

Introduction 

 

 

 Rysavy’s 2010 report to the FCC [1] forecast that the demand by mobile users for 

wireless spectrum would be higher than the spectrum’s capacity by 2014, mainly due to 

ever-increasing demands for faster wireless communication speeds and the growing 

number of wireless devices. In response to this report, the FCC constructed the National 

Broadband Plan of 2010, which required the release of 500 MHz of spectrum between 

225 MHz and 3.7 GHz for wireless mobile communications by 2020 [2]. A significant 

portion of the spectrum affected by this plan had been traditionally allocated for 

bandwidth-intensive radar applications. In order to respond to the demands of both radar 

and mobile users, a pilot spectrum sharing program was proposed by the PCAST report 

of 2012 [63]. Spectral co-existence allows for efficient use of the quickly diminishing 

available spectrum, providing sufficient spectrum for radars to achieve the necessary 

range resolution for operation and for mobile users to communicate quickly.  

One solution that permits spectral co-existence is a frequency-agile radar that can 

reconfigure its bandwidth and center frequency on-demand and in real-time, similar to 

the scenario presented in Figure 1.1. In this scenario, the radio frequency interference 

(RFI) would correspond to any spectrum user that could interfere with the radar such as a 

wireless communications user. A cognitive radar should be able to reconfigure in real-

time in order to operate in the unused spectrum, allowing other spectrum users to 

continue to operate freely. 
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Figure 1.1. Cognitive radar interference scenario [14] 

 

 

 In order to realize a cognitive radar, a key piece of the puzzle is fast, real-time 

optimization of the power amplifier in order to provide more power on target and 

maintain spectral compliance to not interfere with other spectrum users. This, in 

conjunction with reconfiguration on the receive side, will allow greater range and 

bandwidth than a traditional broadband design due to the Bode-Fano criteria [55]. 

 This thesis discusses some algorithms to allow optimal operation of a cognitive 

radar in a spectrum-sharing scenario, as well as an algorithm for optimizing solely output 

power for a more antagonistic use. Chapter Two provides additional background on these 

topics, the current state-of-the-art in these areas, and defines key terms used in later 

chapters. Chapter Three discusses speed improvements to a previously developed 

modified gradient search algorithm by utilizing results from previous searches. Chapter 

Four details circuit optimization using notched waveforms, and the modifications to the 

modified gradient search algorithm used to accomplish this optimization. Chapter Five 
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describes the design of and optimization of a switched-stub tuner. Chapter Six concludes 

this work and discusses the impact these algorithms can have on the spectrum sharing 

community. 
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CHAPTER TWO 

 

Background 

 

 

 This chapter provides background on the topics discussed in later chapters, 

including the state-of-the-art in these areas, while also defining key terms used in circuit 

optimization. 

 

2.1 Power Amplifier Impedance Matching 

 

 As an amplifier varies its frequency, the optimal load impedance to present to the 

amplifier for a given parameter (output power, linearity, etc.) changes [57]. By matching 

to the optimal load impedance for a desired parameter, the performance of the power 

amplifier for that parameter can be maximized.  

 According to the Bode-Fano criteria [55], there is a trade-off between bandwidth 

and gain. Design of a fixed broadband matching network, therefore, restricts the 

maximum gain possible for the PA and hence restricts the maximum output power. By 

designing a more narrowband, tunable matching network, gain can be maximized by 

shifting the narrow band of high performance to the operating frequency, thus allowing 

acceptable bandwidth with maximum gain. The disadvantage of the tunable approach is 

the reconfiguration time required to complete the circuit optimization. This is illustrated 

by the example in Figure 2.1. The tunable matching network approach is able to achieve 

a higher output power, but requires a reconfiguration time of 100 milliseconds, while the 

fixed matching network requires no reconfiguration time but achieves a lower output 

power due to Bode-Fano limitations. 
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Figure 2.1. Differences between Tunable and Fixed Matching Network Approaches 

 

 

In the work presented in this thesis, a tunable matching network approach was 

used to optimize power amplifier output power while maintaining the power amplifier 

linearity necessary to meet spectral requirements. By increasing output power, greater 

power-on-target can be obtained, and hence the maximum detectable range of the radar 

increases. By making the amplifier more linear, the spectral spreading caused by driving 

the amplifier into compression can be reduced, allowing spectral compliance to be 

maintained and minimizing interference in a spectrum sharing scenario. 

A method to determine the optimal load impedance of an amplifier is to perform a 

load-pull measurement. A load-pull measurement shows the variation of the amplifier’s 

performance (output power, PAE, etc.) over variation in a given parameter (amplifier 

load reflection coefficient, tuner cavity position numbers, etc.) and can be conducted on 
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either the Smith Chart or directly in the search space of the tunable elements being used 

to effect the load impedance change. Examples of load-pulls in two different parameter 

spaces are presented in Figure 2.2. 

 

2.2 Key Terms in Real-Time Circuit Optimization 

 

 In order to assess the performance of a power amplifier, power-added efficiency 

(PAE), output power, and the spectral mask compliance metric, 𝑆𝑚, can be used.  

 Power-added efficiency (PAE) refers to the ratio of the increase in RF power 

provided by the amplifier to the DC power needed to effect that increase. In this way, 

PAE describes how efficiently the power amplifier converts DC power into RF power, 

and can be calculated using  

𝑃𝐴𝐸 =
𝑃𝑜𝑢𝑡,𝑅𝐹 − 𝑃𝑖𝑛,𝑅𝐹

𝑃𝐷𝐶
× 100%                                                 (1) 

For power amplifiers, a higher PAE is more desirable, as it means that the amplifier is 

more efficiently converting DC power into RF power. This efficient operation is of 

particular importance in power-limited applications, such as unmanned aerial vehicle 

(UAV) radar. 

 Output power itself can also be directly used as an optimization metric. While this 

does not account for the consumption of DC power to effect an RF power increase, it 

corresponds better to the increase in maximum detectable range of the radar, 𝑅𝑚𝑎𝑥. This 

relationship is determined by the radar range equation, (2), where 𝑃𝑡 is the power of the 

transmitting antenna, 𝐺𝑡 is the gain of the transmitting antenna, 𝐺𝑟 is the gain of the 

receiving antenna, 𝜆 is the wavelength, 𝜎 is the radar cross section, 𝐿 the path loss in 
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W/W, 𝑘 is Boltzmann’s constant, 𝑇𝑠 is the Kelvin temperature, 𝐵 is the bandwidth in Hz, 

and (
𝑆

𝑁
)

𝑚𝑖𝑛
is the minimum signal-to-noise ratio allowing satisfactory target detection.  

𝑅𝑚𝑎𝑥 = √
𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎

(4𝜋)3𝐿(𝑘𝑇𝑠𝐵) (
𝑆
𝑁)

𝑚𝑖𝑛

4
                                        (2) 

Maximizing PAE does not necessarily correspond to maximizing 𝑅𝑚𝑎𝑥 or output power, 

as areas of high RF output power can still consume large amounts of DC power, causing 

PAE to be in that area to be low. 

 The spectral mask compliance metric, 𝑆𝑚, refers to how spectrally compliant a 

given waveform is with respect to a reference mask and is defined as 

𝑆𝑚 = max(𝑠 − 𝑚)                                                       (3) 

where 𝑠 is the measured spectrum of the waveform and 𝑚 is the imposed mask [56]. The 

point in the spectrum which violates the mask the most egregiously, or which comes 

closest to violating the mask, will have the largest value for 𝑆𝑚, so the largest difference 

between the measured spectrum and the mask is taken as the 𝑆𝑚 value. Positive 𝑆𝑚 

values indicate the spectrum is out of mask compliance, while negative 𝑆𝑚 values 

indicate the spectrum is in compliance with the mask.  

 Examples of load-pulls are shown in Figure 2.2. Figure 2.2(a) shows a PAE load-

pull for the Smith chart search space (variation of Γ𝐿), and Figure 2.2(b) shows of load-

pull of 𝑆𝑚 for the variation in tuner resonant cavity position numbers, 𝑛1 and 𝑛2. In this 

thesis, the (𝑛1, 𝑛2) combination refers to the height of the piezoelectric discs of the tuner 

in [8] or the capacitive posts of the tuner in [9]. These different combinations map to the 

Smith Chart like in Figure 2.2(a). Typically, the (𝑛1, 𝑛2) search space is represented like 
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in Figure 2.2(b), where the x-axis represents the first resonant cavity tuner position 

number and the y-axis represents the second resonant cavity tuner position number. This 

search space is often used due to the simplicity of directly adjusting the tunable elements 

rather than searching in the Smith chart and requiring a tuner characterization to map a 

given load reflection coefficient back to a specific (𝑛1, 𝑛2) combination to effect to load 

impedance change. 

(8) (b) 

Figure 2.2. Load-pull examples in the Smith Chart and cavity position numbers search 

spaces. 

2.3 State-of-the-Art in Real-Time Circuit Optimization 

Extensive work has been done in designing tunable matching networks for lower 

power RF applications using MEMS technology [4,5] and varactor-based designs [6]. 

However, the MEMS and varactor tuning approaches cannot handle the high power 

necessary for radar applications. Semnani et al. designed and fabricated a 90 W 

evanescent-mode cavity tuner using piezoelectric discs that has the power handling 

necessary for radar applications [8]. The next iteration of their design includes the same 

power handling with a smaller form factor and uses mechanical actuation [9]. 
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Kingsley and Guerci discuss the incorporation of tunable matching networks into 

reconfigurable RF front ends for adaptable radars [3], with high power handling being a 

key specification for tunable matching networks for radar applications. The AAM 

architecture proposed by Kingsley is similar to the architecture used in this work, with 

the “Math Processor” being the software-defined radio. The approach used in this work, 

including software-defined radio control, is discussed in more detail by Baylis et al. in 

[10]. 

Additionally, choosing an intelligent algorithm for finding the optimum 

transmitter power amplifier impedance is an area of interest. Some approaches use 

genetic algorithms to extract this optimum [4,7], however they tend to be slower than a 

more direct approach. Hays et al. employs an interval halving algorithm using the tuner 

from [8] to find the optimum PAE within a given ACPR constrained region [11]. Rezayat 

builds upon this work, using a modified gradient algorithm to determine the optimum 

PAE with a given ACPR constraint [12]. An approach discussed in Chapter Three and 

published in [13] uses 𝑆𝑚 as a constraint for a modified gradient search that optimizes 

PAE. The addition of a look-up table to store previous search results decreases search 

time as discussed in [14]. 

 

2.4 Theory of Notched Waveform Transmission 

  

When attempting to avoid radio-frequency interference (RFI) in the center of the 

operating band, a cognitive radar can move to either side of the interferer and transmit a 

full-band waveform. However, if there is a narrowband interferer in the center of the 

radar’s operating band, avoiding to either side will significantly reduce the operating 

bandwidth and hence the range resolution of the radar [27]. 
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Another method of avoiding narrowband RFI is to notch the spectrum of the 

transmitted waveform [18, 21]. This maintains good signal-to-interference-plus-noise-

ratio (SINR) for the radar by avoiding the interferer and allows spectrum sharing while 

maximizing the bandwidth available to the radar. Idealized depictions of the avoid right, 

avoid left, and avoid and notch methods for a single narrowband RF interferer are shown 

in Figure 2.3. 

 

 

 Figure 2.3. Avoid right, avoid left, and avoid and notch scenarios. 

 

 

A notched waveform can be generated by notching the spectrum of the waveform 

to be transmitted in the frequency domain. However, the sharp transitions of the notch in 

the frequency domain cause Gibbs phenomenon to appear in the time domain. This will 

cause ringing artifacts after performing signal processing, which inhibits the ability to 

effectively distinguish radar targets. By increasing the roll-off within the notch, this 

ringing is dampened, and the targets can be more easily distinguished in post-processing 

[23-24, 48]. 

Ensuring the notched waveform maintains a constant amplitude envelope 

(constant modulus) in the time domain is also of key importance. If the constant modulus 

attribute is not maintained, AM-PM modulation can cause intermodulation products to 
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fill the notch in the frequency domain, reducing notch depth and worsening SINR [49]. 

The PRO-FM waveforms developed by Jakabosky et al. [15] produce deep notches by 

maintaining this constant modulus property, avoiding intermodulation products and 

maximizing power amplifier efficiency by keeping the amplifier input power consistent. 

In order to spectrally co-exist, waveform diversity is a key degree of freedom that 

a cognitive radar or other secondary user of the spectrum can exploit [16]. Various 

algorithms have been developed to generate spectrally notched waveforms as an 

alternative to avoiding RFI [17-19], one of which uses an iterative algorithm to generate 

constant modulus chirp-like transmit waveforms with multiple spectral notches [20]. 

Owen et al. presents another type of spectrally notched waveform based on a pseudo-

random optimization and integrates this approach into a cognitive radio platform, using 

the approach of waveform notching to avoid RF interference [21]. 

 

2.5 State-of-the-Art in Circuit Optimization with Notched Waveforms 

 

 It is known that power amplifier nonlinearities have adverse effects on adjacent-

channel and notch power ratios [22] and are obstacles for faithful transmission of 

spectrally notched waveforms. Spectral containment can be improved by tapering [23-24] 

and use of the spectral frequency-template error (FTE) metric [25], but the possibility of 

using impedance tuning to improve spectral containment of notched waveforms had not 

been explored until [26], discussed in Chapter Four. Additionally, while the impact of 

latency and interference on matched filtering accuracy was examined in [21], the impact 

of using avoid waveforms versus notched waveforms on range and range resolution was 

not presented until [27]. 
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2.6 State-of-the-Art in Switched-Stub Tuners 

 

 MEMS-based switched-stub impedance tuners have been used to impedance 

match power amplifiers (PAs) to antenna impedance for changing antenna scan angles 

[28-33]. However, MEMS-based technology cannot handle the high power necessary for 

radar applications [58]. In order to allow for high power transmission, the plasma-based 

switch technology presented by Semnani et al. can be used to create impedance tuners 

with the power handling necessary for radar [34-35].  

 Algorithms to determine the optimum configuration (off/on) of these switches for 

a given impedance from a changing antenna scan angle are also of interest. Wong et al. 

presents a genetic algorithm used to optimize cascade RF switch-based pi networks 

match a power amplifier to a changing antenna impedance [36]. Kim presents a varactor-

based stub tuner optimized using a greedy algorithm [37]. Smith overviews a variety of 

algorithms applicable to a stub-based varactor matching network for impedance tuning 

purposes including Hooke and Jeeve’s algorithm [59], the simplex method, genetic 

algorithms, and memory-conserving single-step algorithms [38]. For the switched-stub 

tuner topology compatible with high power plasma switches, the tuner topology and 

algorithms of Chapter Five were proposed and evaluated. The results are presented in 

Chapter Five as well as in [39]. 
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CHAPTER THREE 

 

Circuit Optimization Using Previous Search Results 

 

 

 When operating in a real-time cognitive scenario, the ability to determine the best 

operating conditions in a short period of time is of key importance. Additionally, if the 

situation arises where the best spectrum and waveform to use is similar or identical to a 

previously used waveform and spectral location, saving the optimal performance location 

can reduce the search space and potentially eliminate the need to search completely, 

resulting in a significant reduction in reconfiguration time.  

 This chapter overviews a modified gradient search algorithm designed to find the 

spectrally constrained optimum PAE for power amplifier of a cognitive radar. This 

maximizes radar detection range while sharing the available spectrum. The algorithm is 

demonstrated on the 90 W evanescent-mode cavity tuner from [8] in the cavity tuner 

position number search space, the plane defined by the position numbers of the two 

cavity resonators,  𝑛1 and 𝑛2. The chapter concludes by discussing improvements to this 

algorithm by including memory that reduce reconfiguration time in a repeated spectral 

scenario. The work presented in this chapter is also presented in [13,14]. 

 

3.1 Modified Gradient Search Algorithm 

 

 When attempting to find the best amplifier load impedance for maximum output 

power while maintaining spectral compliance, algorithms other than a gradient search can 

be employed. For example, an interval-halving approach can be used [11]. However, this 
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method is more conducive to a direct power optimization rather than a constrained 

optimization that will efficiently share the spectrum with other users.  

 The gradient search method is an effective choice due to the shortest-path nature 

of the optimization. In traditional gradient searches, the search takes a step towards the 

area of greatest ascent or descent, allowing virtual 360-degree movement, as opposed to 

optimization methods such as Hooke and Jeeve’s algorithm which only traditionally steps 

in four directions [38, 59]. Additionally, a multi-agent search could be used, but because 

only one impedance tuner exists in the radar transmit chain, the parallel nature of a multi-

agent search cannot be exploited efficiently. Another option would be an exhaustive 

search, but this would take too long on-the-fly, and optimizing offline before radar 

deployment can lead to poor operation if the optimization was done in an environment 

different than the environment of deployment (i.e. different weather conditions, damaged 

radar, etc.). When operating in real-time, the time allotted to reconfigure the power 

amplifier to achieve maximum output power is very short, especially if it is desired to 

operate on the order of a coherent processing interval (CPI). Therefore, the fastest 

optimization in this scenario would be a search that reaches the optimum the quickest 

while requiring only one search agent. The gradient search matches this description. 

 In this modified gradient search algorithm [12, 40], five points are initially 

measured over the plane when searching in the resonant cavity position number (𝑛1, 𝑛2) 

search space. The purpose of measuring these five points is to quickly survey the 

landscape to determine a good starting location. Traditionally, gradient searches are 

susceptible to terminating in local maxima or minima, and this method of surveying the 

landscape, developed by former student Sarvin Rezayat, efficiently reduces the chance of 
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the search converging to a local maxima [64]. An example of the search measuring the 

five points in the (𝑛1, 𝑛2) search space (Sarvin’s Method) is shown in Figure 3.1 [64]. 

 

Figure 3.1. Measurement of five points to determine starting location in (𝑛1, 𝑛2) plane. 

 

 The performance at each of the five points is evaluated using (4) [64], where 

𝑃𝐴𝐸𝑐𝑎𝑛𝑑 is the PAE value at the (𝑛1, 𝑛2) combination under evaluation, 𝑃𝐴𝐸𝑚𝑎𝑥 is the 

maximum PAE value of the five measured points, 𝑆𝑚,𝑐𝑎𝑛𝑑 is the value of 𝑆𝑚 at the 

(𝑛1, 𝑛2) combination under evaluation, 𝑆𝑚,𝑚𝑎𝑥 is the largest 𝑆𝑚 value of the five 

measured points, and 𝑢 is the unit step function. 

𝑋𝑠𝑡𝑎𝑟𝑡 = |
𝑃𝐴𝐸𝑐𝑎𝑛𝑑 − 𝑃𝐴𝐸𝑚𝑎𝑥

𝑃𝐴𝐸𝑚𝑎𝑥
|  + |

𝑆𝑚,𝑐𝑎𝑛𝑑

𝑆𝑚,𝑚𝑎𝑥
| 𝑢(𝑆𝑚,𝑐𝑎𝑛𝑑)                      (4) 

The (𝑛1, 𝑛2) combination with the smallest value of 𝑋𝑠𝑡𝑎𝑟𝑡 is chosen as the starting 

location of the modified gradient search. A small 𝑋𝑠𝑡𝑎𝑟𝑡 corresponds to maximal PAE due 

to the first term in 𝑋𝑠𝑡𝑎𝑟𝑡 going to zero when 𝑃𝐴𝐸𝑐𝑎𝑛𝑑 is equal to 𝑃𝐴𝐸𝑚𝑎𝑥. Additionally, 

at any point within spectral compliance, the second term will go to zero due to the unit 
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step function. An evaluation penalty is applied proportionally to the maximum out of 

compliance point for any 𝑆𝑚 greater than zero. The use of the 𝑋𝑠𝑡𝑎𝑟𝑡 metric allows the 

search to begin out of compliance if the PAE at that location is higher than that of other 

locations, and doesn’t reward a point that is in extremely good spectral compliance, since 

this point would be farther from the edge of the constrained region. Ideally, the search 

would converge close to the edge of the constrained region in a scenario where the 

maximum PAE is within the constrained region or within the compliance region for a 

scenario where the maximum PAE is within the compliance region. An example of these 

two scenarios are shown in Figure 3.2. The search on the left converges within the 

compliance region due to the global optimum being within the compliance region (non-

shaded portion of the (𝑛1, 𝑛2) plane). In contrast, the search on the right converges near 

the edge of the constrained region due to the global optimum being within the constrained 

region (shaded portion of the (𝑛1, 𝑛2) plane). 

 

Figure 3.2. Examples of search where optimum is located within compliance and 

constrained regions. 

 

 

 With the best starting location identified, the modified gradient search utilizes the 

vector construction developed by Fellows [40, 54]. However, unlike Fellows, the 
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approach is applied to a search in the (𝑛1, 𝑛2) plane rather than the Smith chart. From a 

given candidate (𝑛1, 𝑛2) combination, two nearest neighbor (𝑛1, 𝑛2) combinations – 

represented by the (𝑛1, 𝑛2) combination the nearest neighbor distance, 𝐷𝑛, up or to the 

right of the candidate – are measured as shown in Figure 3.3.  

 

 

Figure 3.3. Candidate and nearest neighbor measurement for gradient estimation. 

 

 

Gradients �̂� and �̂� are estimated according to (5) and (6), where �̂� is the unit vector in 

the direction of maximizing PAE and �̂� is the unit vector in the direction of minimizing 

𝑆𝑚. 

�̂� =
∇𝑝

|∇𝑝|
                                                               (5) 

 

�̂� = −
∇𝑚

|∇𝑚|
                                                           (6) 

 

Using these gradient estimates, the search moves in the direction of the estimate of the 

unit vector bisector of these vectors, �̂�, as depicted in Figure 3.4. By moving in the 

direction of �̂�, the search takes a step towards the closest point on the Pareto optimum 

locus between the 𝑆𝑚 and PAE optima. Figure 3.4 shows the gradient estimate methods 

when the candidate point is within spectral compliance (left, 𝑆𝑚 ≤ 0) and out of spectral 

compliance (right, 𝑆𝑚 > 0). This causes the search to move towards PAE improvement 
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when the candidate is in compliance and towards spectral compliance when the candidate 

is out of spectral compliance. 

Figure 3.4. Gradient estimation construction for 𝑆𝑚 ≤ 0 (left) and 𝑆𝑚 > 0 (right) 

(Reprinted from [40]). 

Parameters 𝐷𝑚 and 𝐷𝑏 act as the weights for the previously defined unit vectors 

and are calculated according to (7) and (8), where 𝑆𝑚,𝑚𝑒𝑎𝑠 is the candidate point’s 𝑆𝑚 

value, 𝑆𝑚,𝑤𝑜𝑟𝑠𝑡 is the largest 𝑆𝑚 of all measured (𝑛1, 𝑛2) combinations, 𝜃𝑚𝑒𝑎𝑠 is the 

angle between �̂� and �̂� at the candidate, and 𝜃𝑡𝑎𝑟𝑔𝑒𝑡 = 90° – the goal value of 𝜃 because 

�̂� and �̂� are opposite at the Pareto optimum locus [40]. 

𝐷𝑚 =
𝐷𝑠

2

|𝑆𝑚,𝑚𝑒𝑎𝑠 |

|𝑆𝑚,𝑤𝑜𝑟𝑠𝑡|
 (7) 

𝐷𝑏 =
𝐷𝑠

2

|𝜃𝑚𝑒𝑎𝑠 − 𝜃𝑡𝑎𝑟𝑔𝑒𝑡 |

𝜃𝑡𝑎𝑟𝑔𝑒𝑡
 (8) 

𝐷𝑠 acts as the step size parameter, which is initialized to a pre-defined value and 

halved upon the search attempting to leave the compliance region (𝑆𝑚 ≤ 0 at the 

previous candidate and 𝑆𝑚 > 0 at the new candidate) or if PAE worsens while in the 
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compliance region (𝑆𝑚 ≤ 0). The search converges when 𝐷𝑠 is decremented below 𝐷𝑟, the 

pre-defined resolution distance of the search. 

3.2 Algorithm Performance on High-Power Tuner 

In this section, the results of optimizing a Microwave Technologies MWT-173 

field-effect transistor with the evanescent-mode cavity tuner from [8] are presented. 

Measurements were made using a modified chirp waveform at 3.3 GHz, 3.1 GHz, and 3.5 

GHz. The device was biased at 𝑉𝐺𝑆 = -1.4 V and 𝑉𝐷𝑆 = 4.5 V with an RF input power of 

14 dBm. Search parameters of 𝐷𝑛 = 10, 𝐷𝑠 = 100, and 𝐷𝑟 = 5 were used. The results 

show reconfiguration ability over the radar S-band by direct optimization in the (𝑛1, 𝑛2) 

search space and demonstrate the range improvement seen by applying this algorithm. A 

picture of the measurement setup is shown in Figure 3.5. 

Figure 3.5. Measurement setup. 
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 Reconfiguration was demonstrated by operating at 3.3 GHz, switching to 3.1 

GHz, and switching again to 3.5 GHz in succession. The search paths in the (𝑛1, 𝑛2) 

plane and the Smith chart for each of the three frequencies are shown in Figure 3.6. In the 

figure, shaded pink areas denote the region of non-compliance (𝑆𝑚 >  0) and the black 

triangle denotes the endpoint of the previously conducted search where the operating 

location would be if no re-tuning was done. In the cases of the 3.1 GHz and 3.5 GHz 

searches, a re-tuning operation is necessary to be spectrally compliant. Additionally, for 

all three searches the search was able to navigate close to the global maximum while 

being spectrally compliant. 

 

 

Figure 3.6. Search path in (𝑛1, 𝑛2) plane and Smith chart. 

 

Figure 3.7 shows the start and end spectrums for each of the searches, as well as the 

spectrum at the operating location if no re-tuning was performed. In all cases, the end 

spectrum is compliant with the mask – denoted by the red line in Figure 3.7. In the cases 
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of no re-tuning, both spectra violate the mask, corresponding to a scenario where the 

radar would not be spectrally well-contained, leaking power into nearby bands and 

disrupting operation in those bands. 

 

 

Figure 3.7. Spectra for start, end, and endpoint of previous search. 

 

 These results are tabulated in Table 3.1. The table shows that in cases where the 

starting location is in compliance, the ending PAE is higher while sacrificing linearity, 

showing power improvement while 𝑆𝑚 approaches the mask (𝑆𝑚 → 0). In cases where 

the starting location was out of spectral compliance, PAE is sacrificed in order to meet 

the requirements for spectral containment. In all cases, the search ends in compliance 

with acceptable PAE values. 
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Table 3.1. Modified gradient search results. 

Freq. (GHz) 3.3 3.1 3.5 

Previous End 𝑛1 - 7224 7261 

Previous End 𝑛2 - 8174 8351 

Previous End Г𝐿 - 0.71/-122° 0.12/-34° 

Previous End PAE (%) - -2.55 16.97 

Previous End 𝑆𝑚 (dB) - 1.67 1.94 

Previous End 𝑃𝑜𝑢𝑡 (dBm) - 12.87 17.31 

Selected Start 𝑛1 7175 7260 7089 

Selected Start 𝑛2 8175 8432 7917 

Selected Start Г𝐿 0.37/56° 0.20/143° 0.46/-144° 

Selected Start PAE (%) 14.52 21.80 13.94 

Selected Start 𝑆𝑚 (dB) -2.63 2.46 -1.75

Selected Start 𝑃𝑜𝑢𝑡 (dBm) 17.80 23.23 17.68

End 𝑛1 7224 7261 7156

End 𝑛2 8174 8351 7845

End Г𝐿 0.24/77° 0.27/-176° 0.21/-109° 

End PAE (%) 17.44 15.18 17.19 

End 𝑆𝑚 (dB) -2.37 -0.99 -0.07

End 𝑃𝑜𝑢𝑡 (dBm) 18.30 17.86 17.95

# Meas. 13 18 14 

Total Time (s) 183.0 501.2 261.4 

These results can also be shown versus measurement number. The results for 

PAE, 𝑃𝑜𝑢𝑡, 𝑆𝑚, and maximum detectable range versus measurement number are shown in 

Figure 3.8. For the calculation of range, the radar range equation, (2), was used. 

Parameters of 𝐺𝑡 = 𝐺𝑟 = 40 dB, 𝜆 = 𝑐/𝑓 (assuming free-space transmission with 𝑐 =

3 × 108 m/s), 𝜎 = 100 m2, 𝐿 = 3 dB, and 𝐵 = 160 kHz were used [41-44], with 𝑇𝑠 = -

174 dBm/Hz [45]. However, this 𝑇𝑠 is an ideal value as it assumes a system noise figure 

of 0 dB. Using a less ideal value would result in smaller range values, but the relative 

comparison of the range values for the purposes of demonstrating the results of this 

search is similar. 

Lucinda
Sticky Note
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Figure 3.8. PAE, 𝑃𝑜𝑢𝑡, 𝑆𝑚, and maximum detectable range versus measurement number. 

In Figure 3.8, transitions between frequencies show a marked drop in output 

power, PAE, and maximum detectable range. Often, these transitions are accompanied by 

dramatic changes in 𝑆𝑚 as well. By re-optimizing, with very few measurements, the loss 

in maximum detectable range is recovered by the end of the search with spectral 

compliance being maintained.  

The initial variation at the beginning of each search is due to the measurement of 

the five initial test points, which can have varying performance. While these do help the 

search to avoid converging in local maxima, an initial performance hit is taken in order to 

tune to these points and measure their performance. Ideally, similar waveforms could be 
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categorized offline before deployment, and the optimum performance locations of these 

waveforms could be saved. By searching near the last previously known optimum, 

readjustments can be performed for slight variations in deployment conditions while 

minimizing the performance hit taken by characterizing the search space using the initial 

five points. Additionally, after a waveform has been optimized, if it appears again, the 

search can begin at a setting where good performance can be immediately obtained. The 

following section expands on the results of using this method. 

 

3.3 Time Improvement of Look-up Table 

 

 The addition of a look-up table to the search allows for better system performance 

over the entire optimization by beginning the search closer to the optimum. While this 

approach could be used in a steady state scenario to optimize performance in a single 

step, using this location as a starting point for a finer, fast-converging search accounts for 

variation in the optimum location due to operating conditions. The look-up table can be 

populated offline or following initial system deployment. 

 For this experiment, ten 10-MHz sub-bands between 3.25 GHz and 3.35 GHz 

were selected. A 1 MHz radar signal was used. For the first search, which measures the 

five initial test points, search parameters of 𝐷𝑛 = 10, 𝐷𝑠 = 100, and 𝐷𝑟 = 5 were used to 

populate the look-up table. If a look-up was used to begin the search at a previously 

known optimum, search parameters of 𝐷𝑛 = 10, 𝐷𝑠 = 40, and 𝐷𝑟 = 2 were used to 

facilitate faster convergence and finer tuning. If a higher PAE was found, the look-up 

table was repopulated with the new optimum location and PAE. 

 The ability of the look-up table to improve performance quickly at a single 

frequency was first examined. Ten repeated trials at 3.305 GHz yielded the results of 
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Table 3.2. The PAE improves over consecutive optimizations because starting from the 

previous best performing (𝑛1, 𝑛2) point permits finer tuning. Additionally, after the first 

measurement, the number of measurements required to optimize in subsequent searches 

is significantly lower.  

 

Table 3.2. Repeated optimizations at 3.305 GHz using look-up table. 

 

𝑛1 𝑛2 End PAE (%) End 𝑆𝑚 (dBc) # Meas. Time (s) 

7212 8091 20.17 -1.18 33 351.53 

7212 8091 20.21 -1.16 7 70.09 

7212 8091 20.13 -1.14 7 70.44 

7219 8077 20.23 -1.17 13 134.47 

7213 8074 20.20 -0.81 9 92.33 

7219 8077 20.16 -1.07 7 71.80 

7212 8073 20.55 -0.83 13 150.09 

7212 8073 20.61 -0.80 7 70.10 

7212 8073 20.68 -0.80 7 71.63 

7212 8073 20.65 -0.76 7 69.75 

 

 

 The results shown in Table 3.2 are compared to the number of measurements 

required to optimize at the same frequency without a look-up table in Figure 3.9. While 

initially the two approaches take a comparable number of measurements to complete the 

optimization, the look-up table reduces the measurement time for repeated searches at the 

same frequency. The results of the search without using a look-up table are shown in 

Table 3.3. When examining Tables 3.2 and 3.3, the seventh iteration takes longer in both 

cases. This could be due to amplifier temperature variations that increase the noise 

encountered by the search after multiple successive optimizations. A comparison of the 

two approaches is shown in Table 3.4, which shows that the look-up table method 

reduces the time and number of measurements on average while also improving average 

performance.  
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Table 3.3. Repeated optimizations at 3.305 GHz without look-up table. 

n1 n2 End PAE (%) End Sm (dBc) # Meas. Time (s) 

7173 8116 16.34 -0.99 20 204.56 

7210 8144 19.09 -1.77 16 178.16 

7215 8157 18.86 -2.14 19 207.52 

7215 8157 19.09 -2.13 19 208.28 

7213 8145 19.51 -1.87 19 211.68 

7219 8126 19.97 -1.68 31 366.77 

7213 8102 20.40 -1.02 43 450.11 

7215 8153 19.23 -1.85 19 266.53 

7214 8160 19.10 -1.87 16 198.08 

7217 8166 18.91 -1.94 16 182.29 

Figure 3.9. Number of measurements versus search iteration at 3.305 GHz with 

and without look-up table. 
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Table 3.4. Comparison of optimizations at 3.305 GHz with and without look-up table. 

Approach 
Average 

# Meas. 

Average 

Time (s) 

Average 

End PAE (%) 

Average 

End Sm (dBc)

Look-up 8.56 88.97 20.38 -0.95

No Look-up 21.8 247.40 19.05 -1.73

To examine multifrequency search ability, one of the ten 10-MHz sub-bands was 

chosen for operation randomly, and this was repeated 100 times to show results over 

multiple iterations. The number of measurements required to complete a search is plotted 

versus search iteration number in Figure 3.10. The different markers designate different 

frequencies chosen randomly for operation. The figure shows an overall decrease in the 

number of measurements necessary for search convergence as frequencies are revisited. 

This decrease in number of measurements necessary is shown on a per frequency basis in 

Figure 3.11. Additionally, Figure 3.12 shows consistent PAE performance across each 

given frequency upon repeated searches. Higher optimum PAE performance was verified 

by examining load-pull data at those frequencies. 
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Figure 3.10. Number of measurements versus iteration number for 100 reconfigurations 

at randomly chosen frequencies between 3.255 GHz and 3.345 GHz 

Figure 3.11. Number of measurements versus visits to a given frequency for 100 

reconfigurations at randomly chosen frequencies between 3.255 GHz and 3.345 GHz. 
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Figure 3.12. PAE versus visits to a given frequency for 100 reconfigurations at randomly 

chosen frequencies between 3.255 GHz and 3.345 GHz 

Upon inspection of Figure 3.11, the third 3.335 GHz search and 3.315 GHz search 

seem to spike in the number of measurements necessary for the search to converge. In 

these cases, the search began close to the optimum in a region with very little 

performance variation, and with a step size that is too large. This led to the search taking 

steps too large in the direction of improved performance, causing it to overshoot the 

optimum, and to take a large step backwards towards the starting location. In a region 

with little performance variation, measurement noise can be enough to cause the search to 

backtrack without dividing its step size because the addition of noise to the PAE 

measurement made performance appear to improve. Extra measurements are then 

necessary to correct the search path after the step size eventually divides due to worse 

performance. The search path for the third 3.335 GHz search in Figure 3.13 exemplifies 

this oscillatory behavior, where the search initially overshoots the optimum on its first 
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step and backtracks towards the starting location before eventually moving towards the 

optimum with a smaller step size. 

 

 

Figure 3.13. Third 3.335 GHz search path. 

 

 

By the use of a priori knowledge, either by optimization offline or upon initial 

visits to states during deployment, the average search time and performance can be 

improved. The dynamic tuning of search parameters based on the use of a look-up table 

allows for finer search steps that improve search performance iteratively upon repeated 

frequency visits. 
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CHAPTER FOUR 

 

Circuit Optimization Using Notched Waveforms 

 

 

 If a narrowband RFI is located in the center of the desired operating band, the 

maximum bandwidth achievable by a spectrally cognizant radar can be significantly 

reduced. If, instead of reducing the bandwidth available to the radar by avoiding to the 

right or left of the RFI, the radar is able to notch its transmit waveform to avoid 

interfering with other spectrum users, more bandwidth is achievable by the radar, 

allowing better radar range resolution and, in turn, improved target detection [60, 27]. 

 This spectral waveform notching can be achieved in multiple ways. One option is 

to zero the spectrum of a chirp where the RFI is located to avoid spectral overlap with the 

RFI. However, this method is poor for radar post-processing and target detection due to 

the varying amplitude of the radar waveform envelope caused by Gibbs phenomenon 

which result from the sharp transitions in the frequency domain introduced by the notch 

[61]. This can be somewhat mitigated by tapering the notch to lessen this sharp transition, 

a technique employed by notched waveform designers [23-24]. 

 Ideally, the radar waveform would maintain a constant amplitude envelope 

(constant modulus) to provide the best characteristics for post-processing target detection 

[47]. If the constant modulus attribute is not maintained, AM-PM modulation can cause 

intermodulation products to fill the spectral notch, reducing notch depth and worsening 

SINR [49]. The pseudo-random optimized frequency modulation (PRO-FM) waveforms 

developed at the University of Kansas by Jakabosky et al. [15] produce deep notches 
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when transmitted by maintaining this constant modulus property and tapering the notch 

transition, effectively avoiding intermodulation products and poor time domain 

performance from Gibbs phenomenon effects.  

 The designed notch depth is not always maintained when transmitted through a 

nonlinear power amplifier device. Degradation of notch performance due to a non-

constant amplitude envelope is impacted by the load impedance presented to the power 

amplifier [26]. This is due to amplitude-to-phase modulation (AM-PM) conversion which 

can be somewhat mitigated by improving the linearity of the power amplifier through 

impedance tuning. The notch performance seems relatively unaffected by load impedance 

in the case of a constant modulus notched waveform due to the lack of AM-PM 

modulation [27]. Since no AM-PM modulation occurs, increasing power amplifier 

linearity does not improve notch depth beyond the depth present in the waveform 

definition. When transmitting notched waveforms, it is best to maintain a constant 

amplitude envelope in the time domain, but if this characteristic cannot be maintained, 

impedance tuning can be used to improve notch depth by increasing power amplifier 

linearity. 

 This chapter presents metrics for notch depth and width that can be used to 

quantify notch performance for the purposes of circuit optimization. The variation of 

notch depth over impedance for a non-constant modulus notched waveform is shown. 

Modifications to the mask used in the gradient search algorithm presented in Chapter 

Three are discussed, and the results of tuning using non-constant modulus waveforms are 

displayed. The performance of constant modulus and non-constant modulus notched 

waveforms is compared. Finally, an analysis of the trade-off between range and range 
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resolution is performed using constant and non-constant modulus notched waveforms for 

“avoid left”, “avoid right”, and notch spectrum sharing scenarios. 

 

4.1 Quantifying Notch Performance 

 

 When examining post-transmission notch performance, the depth and width of the 

notch are metrics of interest. These metrics are defined in (9) and (10), where 𝑤𝑛𝑜𝑡𝑐ℎ is 

the notch width, 𝑑𝑛𝑜𝑡𝑐ℎ is the notch depth, 𝑆 is a vector of waveform spectrum samples, 

𝑛𝑛𝑜𝑡𝑐ℎ is the vector of waveform samples within the notch in the waveform definition, 

and 𝑁𝑛𝑜𝑡𝑐ℎ is the number of waveform samples within the notch in the waveform 

definition. 

𝑑𝑛𝑜𝑡𝑐ℎ = max(𝑆) − mean[𝑆(𝑛𝑛𝑜𝑡𝑐ℎ)]                                         (9) 

𝑤𝑛𝑜𝑡𝑐ℎ =
∑(max(𝑆) − 𝑆 > 0.5 ∗ 𝑑𝑛𝑜𝑡𝑐ℎ)

𝑁𝑛𝑜𝑡𝑐ℎ
× 100%                          (10) 

 

Essentially, the notch depth is the average value achieved within the notch defined in the 

waveform definition (in dB). The notch width is the number of spectral samples where 

the signal is below half of the average notch signal power, usually expressed as a 

percentage of defined notch frequency samples. These metrics are illustrated on a 

received notched waveform spectrum in Figure 4.1. The red-orange line corresponds to 

the definition spectrum and the light blue line corresponds to the received spectrum post-

transmission. The various parameters used in quantifying notch performance are 

illustrated graphically in Figure 4.1. In the case shown in Figure 4.1, the notch depth is 

approximately 29 dBc, and the notch width is approximately 100%. 
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Figure 4.1. Illustration of notch depth and notch width calculations 

One potential downfall of the notch depth metric is its dependence on max(𝑆). In 

a waveform where sharp notch transitions produce Gibbs phenomenon artifacts, such as 

the waveform in Figure 4.2, the dependence of notch depth on the max(𝑆) causes the 

reported notch depth to be larger than it is in actuality since the max(𝑆) is located in the 

ringing of the Gibbs phenomena. This would be less of a concern if the increase in notch 

depth was consistent across load impedance, but tuning to different load impedances can 

change the output power of the amplifier, reducing the magnitude of the Gibbs 

phenomena in the received spectrum, as shown in Figure 4.3. Because the spectra were 

measured at different load impedances, the left spectrum has a higher power spectral 

density than the spectrum on the right. 
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Figure 4.2. Notched waveform with pronounced Gibbs phenomena. 

Figure 4.3. Variation of Gibbs phenomena in received spectra at two different load 

impedances. 

One method of reducing the effects of Gibbs phenomena is tapering the notch [48, 

61]. This tapering reduces the sharp transition of the notch, effectively reducing the 

Gibbs phenomenon ringing artifacts. This would help to ensure the validity of the notch 
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depth metric for a given waveform by eliminating the variation based on load impedance 

caused by Gibbs phenomena. 

4.2 Non-Constant Modulus Waveform Notch Performance Over Impedance 

This section marks the beginning of an exploration into circuit optimization using 

the notched waveforms.  It is demonstrated that constant modulus prevents spreading in 

the frequency domain from the nonlinear power amplifier, for example, when using the 

PRO-FM notched waveforms developed by the University of Kansas [15, 21, 24]. 

However, the results of the second and third sections of this chapter use notched transmit 

waveforms with insufficient time-domain samples to accurately reconstruct the signal 

with constant amplitude envelope (constant modulus). The trends observed in these 

results are valid for notched waveforms that do not maintain the constant modulus 

property. The fourth section explores why the constant modulus property is desirable and 

compares the performance of both constant modulus PRO-FM waveforms and non-

constant modulus notched waveforms post-transmission through a nonlinear power 

amplifier. 

By sending a non-constant modulus notched waveform through a nonlinear power 

amplifier, AM-PM intermodulation products result in lower notch depths and increased 

spectral spreading out-of-band. An example of this phenomenon is shown in Figure 4.4, 

where the orange spectrum corresponds to the measured spectrum without a nonlinear 

power amplifier in the loop, and the blue spectrum results from the addition of the power 

amplifier in the loop. While the in-band signal increases by approximately 8 dBm, the 

out-of-band and in-notch signal increases by approximately 30 dBm due to 

intermodulation from power amplifier nonlinearities.  
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Figure 4.4. Non-constant modulus notched spectrum with and without amplifier in the 

loop. 

Figure 4.5 shows how impedance tuning with a power amplifier in the loop can 

be used to recover deeper notches. The orange spectrum corresponds to the received 

spectrum without impedance tuning, while the blue spectrum corresponds to the received 

spectrum after impedance tuning to a different amplifier load impedance, improving 

power amplifier linearity. 
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Figure 4.5. Non-constant modulus notched spectrum before impedance tuning 

(unoptimized) and after impedance tuning (optimized). 

The variation in notch depth due to load impedance can be characterized using a 

load-pull. In general, the deepest notch depths and the highest PAE are obtained at 

different locations on the Smith chart. Figure 4.6 shows the variation in PAE and notch 

depth on the Smith chart for a symmetrically notched non-constant modulus notched 

waveform. If attempting to maintain a notch depth 𝑑𝑛𝑜𝑡𝑐ℎ ≥ 36 dBc (notch level ≤ -36 

dBc), the region of the Smith chart shaded pink would correspond to load impedance 

values which would not meet this constraint, forming a forbidden region. The load 

impedance which achieves the highest PAE while meeting this constraint (the constrained 

optimum) is marked by a black “x” in the upper right Smith chart, and for this case is 

Γ𝐿 = 0.09/122°, achieving a PAE of 24.6%.     
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Figure 4.6. Spectrum, PAE and notch depth load-pulls for a symmetrically notched non-

constant modulus waveform. 

For the case of a waveform with left-shifted notches, with the second notch 

achieving a slightly better notch depth, the load-pulls of Figure 4.7 are obtained. For this 

case, since the second notch achieves a higher notch depth, the first notch ends up 

dominating the constraint, resulting in a constrained optimum PAE = 23.7% at 

Γ𝐿 = 0.07/141°.  



40 

 Figure 4.7. Spectrum, PAE and notch depth load-pulls for an unsymmetrically notched 

non-constant modulus waveform. 

In the case of varied width notches, the wider notch is able to achieve a deeper 

notch depth than that of the narrower notch. For the case shown in Figure 4.8, the 

maximum depth achievable for the first notch is 43 dBc, while the maximum depth 

achievable for the second notch is 36 dBc.  Therefore, the second notch will dominate the 

constraint, and for notch depth ≥ 34 dBc, the constrained optimum PAE is 22.5% at 

Γ𝐿 =  0.27/46°.    
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Figure 4.8. Spectrum, PAE and notch depth load-pulls for varied width notches. 

 

 

  If transmitting a non-constant modulus notched waveform through a nonlinear 

power amplifier, variation in notch depth is seen for different power amplifier load 

impedances. This variation can be characterized using a load-pull, and the optimal load 

impedance to meet a certain notch depth constraint can be used when designing the 

matching network for a nonlinear power amplifier. An alternative approach, if 

transmission of waveforms with different notch locations or widths is desired, is to use a 

tunable matching network to change the power amplifier load impedance in real-time. 

The next section expands on this tunable matching network approach. 
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4.3 Real-Time Circuit Optimization with Non-Constant Modulus Notched Waveforms 

By using a tunable matching network to adjust the power amplifier’s load 

impedance in real-time, maximum PAE can be obtained while meeting the required out-

of-band and notch depth constraints. This allows maximum detection range while 

meeting spectral constraints, even when transmitting non-constant modulus notched 

waveforms of varying notch locations and notch widths. Therefore, as RFI changes, the 

radar can adapt the notch locations and widths to avoid interference, and the modified 

gradient search algorithm of [13] can be used to maximize detection range while reducing 

intermodulation products that would normally lower notch depth.  

Using the modified gradient search algorithm [13], the mask used to measure 𝑆𝑚 

was modified to adhere to the required notch depth and out-of-band constraint. The 

evanescent-mode cavity tuner of [9] was used to effect load impedance changes. An 

example of an optimized spectrum after search completion with its corresponding mask is 

shown in Figure 4.9. For the waveform in Figure 4.9 and the waveforms in Figures 4.10-

4.12, a notch depth constraint of 𝑑𝑛𝑜𝑡𝑐ℎ ≥ 12 dBc was used, as shown by the in-band 

mask constraint, and an out-of-band spectral constraint with an initial drop of -20 dB and 

roll-off of 2 dB/MHz was used. 
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Figure 4.9. Example of non-constant modulus notched waveform spectrum (blue) with 

corresponding mask (red). 

An example of the modified gradient search meeting these notch depth and out-

of-band spectral constraints with two symmetrically notched non-constant modulus 

waveforms is shown in Figure 4.10. Slight differences are noticeable in the spectra due to 

the nature of the FM noise waveform optimization [21]. These results correspond to a 

spectral sharing scenario where RFI is unchanging and the radar is regenerating a newly 

notched waveform on a pulse-to-pulse basis through a pseudo-random waveform 

optimization, which does not guarantee the exact same waveform will be transmitted on 

each pulse [21]. As is evident in Figure 4.10, the search is able to achieve the maximum 

PAE while meeting the combined notch depth and out-of-band constraints represented by 
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Figure 4.10. Three frequency reconfigurations of symmetrically notched non-

constant modulus waveforms and the search paths taken in (𝑛1, 𝑛2) plane. 
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The shaded pink region of the (𝑛1, 𝑛2) plane. This shaded pink region corresponds to 

𝑆𝑚 > 0 for the mask imposed by Figure 4.9. 

 Figures 4.11 and 4.12 show the algorithm’s performance for the cases of varied 

notch locations and varied notch widths over changing frequency. The load-pull contours 

and search paths below each spectrum correspond to frequency reconfigurations from 3.3 

GHz to 3.1 GHz to 3.5 GHz. The search is able to converge consistently to the 

constrained optimum PAE as frequency changes, despite changes in the constrained 

region due to frequency, notch location, or notch width. 
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Figure 4.11. Comparison of three frequency reconfigurations of symmetrically 

and asymmetrically notched non-constant modulus waveforms 
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Figure 4.12. Comparison of three frequency reconfigurations of varied notch width non-

constant modulus waveforms 



48 

4.4 Performance Comparison of Constant and Non-Constant Modulus Notched 

Waveforms 

 While the previous sections have demonstrated the results of transmitting non-

constant modulus notched waveforms, this section discusses why a waveform with 

insufficient samples can result in a non-constant amplitude envelope. Additionally, it 

explores the benefit of maintaining constant modulus in a notched waveform: reduction 

of intermodulation products that can otherwise lower notch depth. 

When using a signal generator to transmit a waveform, the generator is given a 

vector of digital I and Q samples. In the signal generator used to obtain the results of the 

previous sections (Agilent N5182A), an interpolator filter is used to convert the digital I 

and Q samples of a baseband signal to an analog waveform [46]. The clock rate of this 

interpolator is four times that of the baseband clock, resulting in a four times 

interpolation of the baseband samples when the analog signal that is transmitted [46]. In 

general, this smooths the digital sample points [46]. If too few samples are defined, 

however, it can result in distortion of the signal the samples originally represented. An 

example of this case is shown in Figure 4.13, where the two rectangular functions 

represented by the baseband samples are incorrectly interpolated with a sinc-like 

envelope by 4x interpolation. 

One way to mitigate the undesirable effects of this interpolation is to define more 

waveform samples. In doing so, the digital samples transition smoothly, making the 

interpolated waveform more likely to accurately reflect the baseband samples. By 

increasing the number of I and Q samples in the waveform definition, the constant 

modulus property of the PRO-FM waveforms remains intact rather than becoming 

skewed by the signal generator’s interpolator. 
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Figure 4.13. Baseband samples of waveform definition and resulting interpolated analog 

waveform 

As mentioned before, the constant modulus property virtually eliminates 

nonlinear intermodulation products that usually result from transmission through a 

nonlinear power amplifier. An example of this shown in Figure 4.14, where a constant 

modulus PRO-FM notched waveform is compared to a waveform where fewer I and Q 

samples results in a non-constant modulus waveform. Note that the constant modulus 

spectra (top) are almost indistinguishable after the power levels are normalized, while the 

non-constant modulus spectra (bottom) show significant degradation of notch depth and 

out-of-band performance due to intermodulation products from the nonlinear power 

amplifier. 
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Figure 4.14. Comparison of constant modulus PRO-FM spectra (top) and non-constant 

modulus spectra (bottom) with and without amplifier in the loop 

So, while non-constant modulus notched waveforms experience variation in their 

achievable notch depth based on nonlinear power amplifier load impedance, constant 
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modulus PRO-FM waveforms do not show notch depth variation because no 

intermodulation products are present. Since constant modulus PRO-FM waveforms 

virtually eliminate intermodulation products by virtue of their constant modulus property, 

changing the load impedance of a power amplifier will not help to improve notch depth 

or out-of-band performance of a constant modulus notched waveform, in contrast to 

trends seen in non-constant modulus notched waveforms.  

 

4.5 Impact on Range and Range Resolution for Avoid and Notch Scenarios 

 

 In order to make efficient decisions, a cognitive radar should have knowledge of 

the impact of waveform selection on maximum detection range and range resolution [47]. 

This includes evaluating avoid versus notch scenarios in order to maximize bandwidth 

(related to range resolution) and output power (related to maximum detection range). 

This section evaluates that trade-off for a continuous chirp and a constant modulus PRO-

FM notched waveform, as well as for non-constant modulus contiguous band waveforms 

and a non-constant modulus notched waveform. 

 First, a typical spectrum sharing scenario with non-constant modulus notched and 

unnotched waveforms was tested, where an overall bandwidth of 60 MHz is eligible for 

transmission at a center frequency of 3.3 GHz (3.27 – 3.33 GHz).  An interfering 

waveform of 15 MHz bandwidth is assumed to be 15 MHz from the left side of this 60 

MHz band, and 30 MHz from the right side of the band (3.285 – 3.3 GHz).  The three 

options available to the radar in this scenario are “avoid left” into the 15 MHz of 

available bandwidth, “avoid right” into the 30 MHz of available bandwidth, or transmit 

over the full 60 MHz with a notch around the 15 MHz interferer. The spectra of these 

options are shown in Figure 4.15, along with the constraining spectral mask. Load-pulls 
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of output power in the (𝑛1, 𝑛2) search space are provided alongside the spectra in Figure 

4.15, where the shaded pink region corresponds to (𝑛1, 𝑛2) combinations that do not meet 

the spectral constraints. The black “x” in those load-pulls correspond to the maximum 

constrained output power for the given waveform and mask.  

Using the radar range equation, (2), the maximum detection range was estimated 

using the parameters listed in Chapter Three. Additionally, the range resolution was 

estimated from the autocorrelation. Table 4.1 summarizes the results of this spectrum 

sharing scenario, where it is evident that the notched waveform is able to achieve the best 

range resolution, while the “avoid right” waveform is able to achieve the highest 

maximum detection range. Therefore, there exists a trade-off between maximum 

detection range and range resolution for a spectrally constrained, non-constant modulus 

notched waveform versus a contiguous band non-constant modulus waveform. This 

trade-off would need to be evaluated in the transmit waveform decision of a spectrally 

cognizant radar in order for the radar to operate optimally. For example, if better range 

resolution is more desirable than increased maximum detection range, the notched 

waveform would be best to maximize range resolution. If higher maximum detection 

range is desired, the “avoid right” waveform would be selected over either the “avoid 

left” or notched waveforms in order to maximize detection range. 
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Figure 4.15. Spectra of “avoid left”, “avoid right”, and notch decisions along with their 

corresponding (𝑛1, 𝑛2) constrained output power load-pulls. 
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Table 4.1. Constrained optimum values for avoid and notch cases at the constrained 

optimum load impedance for non-constant modulus notched waveform. 

Waveform Max (𝑛1, 𝑛2) Max 𝑃𝑜𝑢𝑡 (dBm) 𝑆𝑚 (dB) Max. Range (km) Range Res.(m) 

Avoid Left (3424, 3925) 17.95 -2.74 16.9 18.20 

Avoid Right (3124, 3975) 18.13 -0.07 17.0 9.10 

Notched (3674, 3925) 17.57 -0.25 16.5 4.40 

If interpolation issues can be avoided, it may be possible to transmit a constant 

modulus PRO-FM notched waveform. In this spectrum sharing scenario, an RF interferer 

with 1 MHz bandwidth was located at 3.297 GHz.  The performance of a 20 MHz 

constant modulus notched PRO-FM waveform was compared to a 6 MHz chirp. Due to 

smaller bandwidth available in the “avoid left” scenario, the possibility of transmitting a 

2 MHz chirp to the left of the interferer was not evaluated since it is obvious that it would 

be sub-optimal.  The spectra of available “avoid right” and notch options are shown in 

Figure 4.16, along with the constraining spectral mask. Load-pulls of output power in the 

(𝑛1, 𝑛2) search space are provided alongside the spectra in Figure 4.16, where the shaded 

pink region corresponds to (𝑛1, 𝑛2) combinations that do not meet the spectral 

constraints. The black “x” in those load-pulls correspond to the maximum constrained 

output power for the given waveform and mask.  

Table 4.2 summarizes the results of this spectrum sharing scenario, where it is 

evident that the best maximum detection range and range resolution is achievable by the 

constant modulus notched PRO-FM waveform. This is due to the necessary back off of 

input power to the amplifier in order to meet the spectral constraints in the “avoid right” 

scenario. Notching the spectrum efficiently avoids the interferer while maintaining the 

highest bandwidth and output power to that meet the spectral constraints. 



55 

Figure 4.16. Spectra of “avoid right” and notch decisions along with their corresponding 

(𝑛1, 𝑛2) constrained output power load-pulls. 

Table 4.2. Constrained optimum values for avoid and notch cases at the constrained 

optimum load impedance for constant modulus notched waveform. 

Waveform Max (𝑛1, 𝑛2) Max 𝑃𝑜𝑢𝑡 (dBm) 𝑆𝑚 (dB) Max. Range (km) Range Res.(m)

Avoid Right (3074, 3925) 4.79 -2.05 7.91 285.03 

Notched (3274, 3925) 17.99 -0.47 16.91 121.35 

When transmitting chirps and notched waveforms with varying amplitude 

envelopes, the AM-PM nonlinear distortion of the power amplifier can result in 

undesirable spreading into the notch band that can be alleviated by improving amplifier 

linearity through impedance tuning.  This can prompt a sacrifice of output power to meet 

the necessary spectral constraints, thus lowering the maximum detection range.  On the 
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other hand, for constant modulus, notched PRO-FM waveforms, no spectral spreading 

into the notch band occurs due to the lack of amplitude modulation in the signal.  Using a 

constant modulus, notched PRO-FM waveform, it is then possible to improve both the 

range and the range resolution over a contiguous band “avoid” chirp. These results are 

important for understanding amplifier limitations that must be integrated into the 

cognitive radar decision-making controller which makes the system-level decision to 

notch or avoid an interferer. 
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 CHAPTER FIVE 

 

Circuit Optimization of Switched-Stub Tuner 

 

 

 The evanescent-mode cavity tuner by Semnani [9] enables novel high-power 

tuning techniques capable of improving frequency agility in radar transmitters. However, 

because the tuner is mechanically actuated, a single tuning operation can require 

hundreds of milliseconds. This resulted in full search times of 2-10 seconds without the 

use of a priori knowledge, even with integration into the software defined radio (SDR) 

platform [13]. The advent of high-power plasma switches would make it possible to build 

a switched-stub tuner capable of faster reconfiguration while maintaining the high power-

handling necessary for radar and electronic warfare applications [34-35]. 

 In this chapter, the design of a low-power switched-stub tuner prototype for such 

a high-power switched-stub tuner is discussed along with possible tuning algorithms for 

quickly finding the stub combination that produces the maximum output power. Initial 

measurements using the low-power prototype show that the use of the discrete iterative 

switching algorithm, when integrated into the SDR platform, would allow for complete 

searches in less than 35 µs [39]. 

 

5.1 Prototype Switched-Stub Tuner Design 

 

 In order to begin algorithm development, a low-power prototype switched-stub 

tuner was designed. The goal of this design was to demonstrate broad Smith chart 

coverage over an octave tuning range of 2 to 4 GHz. In a six-stub tuner such as this 

design, a maximum of 26 = 64 combinations are possible. In order to cover a wide range 
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of power amplifier load impedances, the 𝑆11 that each switch combination maps to would 

need to be spaced as far apart on the Smith chart as possible. 

Using low-power FET switches in place of high-power plasma switches under 

design, the switched-stub tuner of Figure 5.1 was fabricated. The board easily fits within 

the 4” x 3” x 3” spatial requirements of the project. The Keysight Advanced Design 

System circuit schematic used to simulate the performance of the design is shown in 

Figure 5.2. By closing a given switch, its stub becomes exposed, effecting a change in 

𝑆11 of the tuner and hence the load impedance shown to the power amplifier. Variations 

in the optimal load impedance of the power amplifier due to frequency changes as well as 

variations in Γ𝑎𝑛𝑡, the antenna input reflection coefficient, due to, for example, antenna 

array scan angle changes, must be accounted for using the tunable matching network 

[62]. The idea of using the tunable matching network, as shown in Figure 5.3, is to 

transform the impedance shown to the amplifier into a load impedance that provides 

maximum delivered power to the antenna in real-time.  

Figure 5.1. Board layout of low-power switched-stub prototype tuner. 
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Figure 5.2. Circuit schematic in Keysight Advanced Design System of low-

power switched-stub prototype tuner. 

Figure 5.3. System-level view of transmitter antenna and power amplifier impedance 

matching. 

One of the main challenges of this design is achieving widespread Smith chart 

coverage over the full range of 2 to 4 GHz. Initially, stub lengths corresponding to 𝜆/4 at 

their respective frequencies at equally spaced intervals between 2 and 4 GHz were used. 

The stubs were separated by 𝜆/4 at the center frequency of 3 GHz, with extra length for 

SMA feeds on the input and output.  However, the 𝑆11 of a given switch combination was 

observed to vary widely over the band of interest. In order to maximize the effect of 

exposing each stub via closing its switch, radial stubs were used. The radial nature of 

these stubs allows similar electrical lengths to be shown at a wider range of frequencies, 

creating a more broadband impact on 𝑆11 and thus reducing the amount by which the 𝑆11 
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changes over frequency for a given switch combination [52-53]. This allows for finer 

control over the placement of 𝑆11 combinations on the Smith chart, allowing for more 

widespread coverage of the Smith chart. The lengths and angles of the radial stubs were 

tuned to achieve the coverage seen in Figure 5.4. 

The simulated coverage of the tuner is shown side-by-side with the measured 

tuner coverage in Figure 5.4. While simulation shows significant Smith chart coverage 

over the full band, the measured coverage reduces at higher frequencies. Nevertheless, 

this low-power prototype provides the coverage necessary to test different algorithms for 

switched-stub tuner optimization. 

Figure 5.4. Simulated and measured Smith chart coverage of low-power switched-stub 

prototype tuner. 
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5.2 Discrete Search Algorithms for the Switched-Stub Tuner 

When developing algorithms to quickly optimize a switched-stub tuner, it is 

important to account for the size of the search space, since there is a trade-off between 

the size of the search space and search time/algorithm complexity. For example, in a 

switched-stub tuner with only three stubs (23 = 8 possible combinations), an exhaustive

search is feasible because there are only eight possible switch combinations. However, a 

switched-stub tuner with sixteen stubs has a much larger search space: 216 = 65,536

possible combinations. In a tuner with more combinations, a better impedance match can 

be achieved due to more widespread coverage, but more complex search algorithms must 

be used to quickly find the optimum switch combination assuming no offline 

optimization is performed. 

Due to the sixty-four possible switch combinations in the six-stub switched-stub 

tuner, an exhaustive search is not ideal. Given a switching time of 1.88 µs [39], an 

exhaustive search would require 120.32 µs to optimize. While this timeframe may still be 

acceptable for optimization in some applications, it would be preferable to develop an 

optimization method that can scale to a much larger search space: for example, an 

exhaustive search of a sixteen-stub tuner would require 123.21 ms. Since more possible 

switch combinations correspond in general to a better impedance match between 

transmitter power amplifier and the transmitting antenna, an algorithm that can navigate a 

large search space faster than an exhaustive search is desirable. The rest of this section is 

dedicated to exploring alternatives to an exhaustive search that can easily be used to 

navigate the discrete search space of a switched-stub tuner. 
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 For each of the optimization methods in this section, each switch state is assigned 

to a binary number: “0” corresponding to an open switch, and “1” corresponding to a 

closed switch. These switch states are combined to form a binary number corresponding 

to the tuner state. For example, if all switches are open, the tuner state would be reported 

as “000000”. 

 The first optimization method explored follows the flow diagram of Figure 5.5. 

The discrete iterative switching algorithm begins with all switches open and performance 

is measured as a baseline. The first switch is closed and the performance is evaluated. 

The switch remains in the state of better performance: either open or closed. The next 

switch is closed, and the process repeats until all switches have been evaluated. Once all 

switches have been evaluated, the final performance is compared to the baseline. If the 

performance is better than the baseline, the current performance becomes the new 

baseline performance, and the next iteration begins. The search continues until the final 

performance after the last switch is evaluated is the same as the baseline performance. 

The final performance should never be worse than the baseline because each switch 

remains in its state of better performance as the search progresses. This algorithm works 

well to quickly improve performance after the first iteration of the search and is simple 

enough to implement with limited computational resources. 

 The second optimization method explored assumed complete independence of the 

stubs. All switches begin in open position, and the performance of closing each switch is 

evaluated. The switch state with the greatest improvement is remembered, and the switch 

remains in its initial state at the end of its evaluation. After each stub is evaluated, the 

best performance switch states are combined, and this combination becomes the baseline 
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for the next iteration. Figure 5.6 shows the flow diagram for this method. Ultimately, this 

method was abandoned due to longer search times and worse performance than the first 

method.  

 The third optimization method explored is similar to the second method, but only 

the switch state that elicited the greatest performance improvement over the baseline is 

kept, becoming the baseline for the next iteration of the algorithm. This method also 

evaluates each stub independently. Figure 5.7 shows the flow diagram for this method. 

While this method performed moderately well in simulation, the search times were much 

longer than the first method because only one switch state change could be performed 

each iteration. 
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Figure 5.5. Flow diagram for optimization method 1 – the discrete iterative 

switching algorithm. 
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Figure 5.6. Flow diagram for optimization method 2. 
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Figure 5.7. Flow diagram for optimization method 3. 
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5.3 Comparison of Suggested Algorithms  

 

 As a test case, the scenario of Figure 5.8 was evaluated in simulation for each of 

the optimization methods detailed in the previous section. In this scenario, 

Γ𝑎𝑛𝑡 =  (60 + 𝑗37.5) Ω and Γ𝐿 = (25 + 𝑗15) Ω, and the global optimum switch 

combination was 100100, where “1” represents a closed switch and “0” represents an 

open switch. The global optimum output power was 10.968 dB for this scenario. 

 

 

Figure 5.8. Impedance matching test case scenario. 

 

 Table 5.1 summarizes the progression of first optimization method for the test 

case scenario of Figure 5.8. The search is able to locate the global optimum within the 

first iteration but requires two iterations to converge in order to confirm that the 

performance did not improve after the first iteration.  

 

Table 5.1. Search progression of first optimization method for the test case scenario of 

Figure 5.8. 

 
Iteration Number Final Switch Combination Final Output Power 

1 100100 10.968 dB 

2 100100 10.968 dB 

 

 

 Table 5.2 summarizes the progression of the second optimization method for the 

test case scenario of Figure 5.8. Due to the independent testing of stub performance, it is 
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possible that the performance can degrade upon successive iterations, unlike the first 

optimization method. While the global optimum was tested in the second iteration, the 

performance of the final switch combination was poor. Ultimately, this algorithm was 

eliminated from further consideration as the stubs in this tuner design are not 

independent. 

 

Table 5.2. Search progression of second optimization method for test case scenario. 

 
Iteration Number Final Switch Combination Final Output Power 

1 101100 8.551 dB 

2 010100 6.359 dB 

 

 

 Table 5.3 summarizes the progression of the third optimization method for the test 

case scenario of Figure 5.8. Due to the independent testing of stub performance, it is 

possible that the performance can degrade upon successive iterations. However, because 

longer stubs have more impact on the performance and only one switch is allowed to 

change state per search iteration, this optimization method is able to converge to the 

global optimum. 

 

Table 5.3. Search progression of third optimization method for test case scenario. 

 
Iteration Number Final Switch Combination Final Output Power 

1 100000 10.960 dB 

2 100100 10.968 dB 

 

 

 Based on the results from the test case scenario, more thorough testing was done 

on the first and third optimization methods. The three different impedance matching 

scenarios of Figure 5.9 were evaluated at 2 GHz, 3 GHz, and 4 GHz.  
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Figure 5.9. Additional impedance matching scenarios for search performance evaluation. 

 

Table 5.4 summarizes the results of these tests for the first optimization method – the 

discrete iterative switching algorithm – which converges to the global optimum output 

power in every case, and Table 5.5 summarizes the results for the third optimization 

method which converges to the global optimum output power in every case except case 1 

at 4 GHz. In general, the third optimization method takes more measurements to 

converge than the first method, a key reason as to why the first method was chosen for 

further development and integration into the software defined radio platform in future 

work. Additionally, the first method is able to reach a reasonably well-performing switch 

combination in a single iteration, in contrast to the third method which is hindered by its 

ability to change only a single switch state per iteration. 
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Table 5.4. First optimization method performance for impedance matching scenarios of 

Figure 5.9. 

Impedance 

Match 

Tested 

Frequency 
Final Switch 

Combination 

Number of 

Meas. 

Output 

Power at 

End of First 

Iteration 

Final 

Output 

Power 

Global 

Optimum 

Output 

Power 

Case 1 2 GHz 000000 7 12.975 dB 12.975 dB 12.975 dB 

Case 1 3 GHz 100100 13 11.692 dB 11.692 dB 11.692 dB 

Case 1 4 GHz 111011 19 8.874 dB 9.248 dB 9.248 dB 

Case 2 2 GHz 000000 7 12.357 dB 12.357 dB 12.357 dB 

Case 2 3 GHz 000100 25 10.792 dB 11.009 dB 11.009 dB 

Case 2 4 GHz 111111 13 8.808 dB 8.808 dB 8.808 dB 

Case 3 2 GHz 000000 7 12.848 dB 12.848 dB 12.848 dB 

Case 3 3 GHz 100100 13 10.968 dB 10.968 dB 10.968 dB 

Case 3 4 GHz 111111 13 8.808 dB 8.808 dB 8.808 dB 

Table 5.5. Third optimization method performance for impedance matching scenarios of 

Figure 5.9. 

Impedance 

Match 

Tested 

Frequency 
Final Switch 

Combination 

Number of 

Meas. 

Output 

Power at 

End of First 

Iteration 

Final 

Output 

Power 

Global 

Optimum 

Output 

Power 

Case 1 2 GHz 000000 7 12.975 dB 12.975 dB 12.975 dB 

Case 1 3 GHz 100100 19 11.652 dB 11.692 dB 11.692 dB 

Case 1 4 GHz 100101 25 1.788 dB 4.604 dB 9.248 dB 

Case 2 2 GHz 000000 7 12.357 dB 12.357 dB 12.357 dB 

Case 2 3 GHz 000100 13 11.009 dB 11.009 dB 11.009 dB 

Case 2 4 GHz 111111 43 -2.067 dB 8.808 dB 8.808 dB 

Case 3 2 GHz 000000 7 12.848 dB 12.848 dB 12.848 dB 

Case 3 3 GHz 100100 19 10.960 dB 10.968 dB 10.968 dB 

Case 3 4 GHz 111111 43 -2.067 dB 8.808 dB 8.808 dB 

In the end, the first optimization method was chosen for integration into the SDR 

platform in future work. This will allow for fast optimization of output power to quickly 

improve jamming range. Additionally, this algorithm is scalable, as it tests less than half 
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the number of switch combinations of an exhaustive search, allowing it to be applied to 

switched-stub tuners with more than six stubs. 
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CHAPTER SIX 

 

Conclusions 

 

 

 As the spectrum becomes increasingly congested, methods of maximizing the 

available bandwidth are of vital importance. Spectrally cognizant radars must be able to 

adapt to quickly changing interference patterns while also maintaining the necessary 

output power to adequately detect targets.  

 The algorithms presented in this thesis can be used to help enable real-time 

reconfigurable radars to maximize their output power and thus their detection range. By 

using the modified gradient search algorithm [40], altered to search using the 

fundamental tuning elements directly to eliminate the need for a tuner characterization 

[12], radar output power can be maximized while maintaining spectral compliance. If 

transmission of a notched waveform is desired, the spectral mask can be adjusted to meet 

the required notch depth to avoid interference, and the same modified gradient search 

algorithm can be applied to maximize output power while remaining spectrally 

compliant. In both cases, the modified gradient search algorithm performs well, 

converging close to the global optimum with few measurements. By the addition of a 

look-up table to store previous results, optimizations at revisited frequencies are much 

shorter and slight performance improvements are possible upon repeated visits to the 

same frequency. Finally, a switched-stub tuner can be used to improve search time 

through electrical actuation with switching times of 1.88 µs [39] as opposed to hundreds 

of milliseconds for a single tuning operation using mechanical actuation [13]. By 
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applying the discrete iterative switching algorithm presented in this thesis to optimize 

output power and fully integrating this algorithm onto a SDR, complete optimizations can 

be completed in 31.9 µs [39] as opposed to search times of 17-32 seconds using 

mechanical actuation [9, 50]. 

Several next steps can be suggested for this work. The modified gradient search 

algorithm using the evanescent-mode cavity tuner still has search times much longer than 

a radar pulse repetition interval [9, 50-51]. Due to hardware limitations, this will require 

optimizing the average system performance, as many transmit states (a specific waveform 

type, frequency, and bandwidth configuration) occur before a single tuning operation can 

be completed. As high-power tuning technology is further developed and the time to 

complete a single tuning operation is much shorter than a radar pulse repetition interval, 

it may be possible to optimize each transmit state, resulting in farther detection range. 

 This thesis has introduced several optimization algorithms for real-time spectrally 

agile radars. The modified gradient search method presented will allow the transmitter 

power amplifier of the radar to operate with the maximum output power while 

maintaining spectral compliance, allowing greater target detection range and spectral co-

existence with communications. While this thesis has focused on high-power applications 

of these algorithms, they can also be applied to low-power systems. By using the methods 

discussed in this thesis, future radar transmitters will be able to achieve improved 

detection range while also acting as good spectral neighbors to other spectrum users. 
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