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PERFORMANCE ASSESSMENT OF NONLINEAR ACTIVE DEVICES      

TO DESIGN BROADBAND MICROWAVE POWER AMPLIFIERS           

VIA VIRTUAL GAIN OPTIMIZATION 

SUMMARY 

In this thesis, we proposed a structured set of sequential procedures to design 

broadband microwave power amplifiers. A power amplifier is a major building block 

in transceivers for wireless communications. The output stage of a transmitter, 

amplifies the modulated electrical signal over a power amplifier connected to an 

antenna. To design solid-state microwave power amplifiers, active devices such as 

radio frequency (RF) power transistors are used. Nowadays, it is a common practice 

to employ Gallium Nitrate (𝐺𝑎𝑁) transistors in RF power amplifier designs due to 

their high electron mobility and high-power delivering capacity. In practice, power 

amplifier design process starts with careful selection of the power transistor 

considering the design parameters such as the required output signal power to be 

delivered, drain/power-added efficiency of the amplifier, transducer power gain over 

the specified bandwidth, etc.  

Once the power transistor is selected, its nonlinear behavior is characterized by 

determining the optimum source-pull (SP) and load-pull (LP) impedances to design an 

RF power amplifier for optimum gain and efficiency. As they are obtained, these 

impedances may not be realizable network functions over the desired frequency band 

to yield the input and the output matching networks for the amplifier. Therefore, in 

this thesis, first, we introduce a new method to test if a given impedance is realizable. 

Then, a novel “Real Frequency Line Segment Technique” based numerical procedure 

is introduced to assess the gain-bandwidth limitations of the given source and load 

impedances, which in turn results in the ultimate RF power-intake and power-delivery 

capacity of the amplifier. During the numerical performance assessment process, a 

robust tool called “Virtual Gain Optimization” is presented. In the course of 

performance assessment process, a new definition called “Power-Performance-

Product” is introduced to measure the quality of an active device. Examples are 

presented to test the realizability of the given source/load-pull data and to assess the 

gain-bandwidth limitations of the given source/load-pull impedances for a 45W-GaN 

power transistor, over 0.8-3.8 GHz bandwidth. 

In the second part of the thesis, we present the actual design and implementation of 

the novel methods in a sequential manner. As the result of the proposed methods, 

firstly, the power-intake and power-delivery capacity of the active device are assessed 

for a 10W-GaN power transistor over 800 MHz-3.0 GHz bandwidth.  We determined 

the optimum realizable source and load impedance data via the virtual gain 

optimization. Then, the optimum source and load impedance data is modelled as 

realizable network functions. Generated realizable network functions are synthesized 

using the Darlington synthesis which in turn yields optimum input and output matching 

network topologies with component values. Eventually, the designed power amplifier 
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is manufactured. It is shown that the computed and the measured performance of the 

amplifier agrees within acceptable limits. Hence, we obtained an avaragre of 10 Watts 

output power with 11.4 ± 0.6 dB gain and 49% to 76 % power added efficiency. 

In the third part, we introduce a new matching concept, so-called Virtual or 

interchangebly Fictitious Matching (FM), which may be defined between the 

artificially generated non-Foster passive immittances, over a lossless equalizer [E]. 

These immittances may not necessarily belong to physical devices, rather, they are 

fabricated like a source-pull or load-pull impedances to maximize the gain, the output 

power, the efficiency, and to minimize the output harmonics of the nonlinear-active 

device under consideration. In Fictitious Matching problems, equilezer [E] is 

constructed between the virtually produced generator immittance data 𝐾𝐺𝐹  and the 

load immittance data 𝐾𝐿𝐹 to optimize the power transfer in the passband. In this regard, 

[E] is described by means of its back-end driving point input immittance in Darlington 

sense, and it is determined as the outcome of the optimization process. The input and 

the output impedances are synthesized as commensurate transmission lines as they are 

cascaded. It is demonstrated that the new concept of virtual matching can be utilized 

to build broadband power amplifiers. In this part, solving virtual matching problem 

successively, the input and the output matching networks of a power amplifier are 

designed over 500 MHz-3 GHz with the average gain of 11.5𝑑𝐵, the output power of 

40.5 𝑑𝐵𝑚, and an average drain efficiency of 61.7%. 
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DOĞRUSAL OLMAYAN AKTİF ELEMANLARIN PERFORMANS 

ANALİZİ VE SANAL KAZANÇ OPTİMİZASYONUYLA  GENİŞBANDLI 

MİKRODALGA GÜÇ KUVVETLENDİRİCİSİ TASARIMI 

ÖZET 

Bu çalışmada, geniş-bandlı mikrodalga güç kuvvetlendiricilerinin tasarımında 

kullanmak üzere geliştirilmiş olan bir dizi orjinal yöntem sunulmaktadır. Güç 

kuvvetlendiricileri, kablosuz iletişim sistemlerinde temel devre blokları arasında yer 

almaktadır. Bir güç kuvvetlendiricisinin temel görevi, iletilmek istenen bilgiyi 

barındıran taşıyıcı elektromanyetik dalgayı, antenden gönderilmeden önce son defa 

kuvvetlendirerek yeterli seviyeye yükseltmektir. Sivil ve askeri kablosuz haberleşme 

sistemlerinin yanı sıra, radar uygulamaları, medikal mikrodalga ısıtma ve görüntüleme 

uygulamaları da elektromanyetik dalgaların yayınımı prensibine dayandığı için güç 

kuvvetlendiricilerinin kullanım alanları olarak gösterilebilir. Günümüzde popüler 

ticari haberleşme sistemleri olan 5G, 6G, wi-fi vb. sistemler de güç 

kuvvetlendiricilerinin önemli bir pazarını oluşturmaktadır. Yapay uydular ve uzay 

sondalarındaki kablosuz sistemler de mikrodalga güç kuvvetlendiricilerinin uzay 

araştırmalarında ve uzay teknolojilerindeki kullanım alanlarına örnek verilebilir. Tüm 

bu mevcut ve gelişmekte olan farklı kablosuz haberleşme sistemleri, yeni modülasyon 

türleri ve kullanılan farklı frekans bandları, farklı özelliklerde güç 

kuvvetlendiricilerinin geliştirilmesine ihtiyaç duymaktadır. Bu durum da, mikrodalga 

mühendisleri için güç kuvvetlendiricisi tasarımı üzerine yapılan çalışmaları cazip hale 

getirmektedir. 

Pratik anlamda, güç kuvvetlendiricisi tasarım süreci, güç kazancı, çıkış gücü, 

verimlilik, band-genişliği gibi hedeflenen tasarım parametreleri dikkate alınarak, 

kuvvetlendiricide kullanılacak güç transistörünün seçilmesiyle başlar. Tasarımda 

kullanılacak aktif eleman yani güç transistörü seçildiğinde, giriş ve çıkış 

uyumlaştırmasının uygun biçimde yapılabilmesi için aktif elemanın doğrusal olmayan 

davranışının karakterize edilmesi gereklidir. Günümüzde, katı-hal güç 

kuvvetlendiricisi tasarımında yüksek güç ve yüksek band genişliği sağlama 

kapasiteleri nedeniyle Galyum-Nitrür (GaN) transistörlerin kullanılması yaygın bir 

uygulamadır. Ayrıca, çeşitli amaçlarla farklı dalga boylarındaki haberleşme 

sistemlerini bir arada bulunduran sistemler için geniş-bandlı güç kuvvetlendiricisi 

tasarımı  önem arz eden bir araştırma konusudur. Bununla birlikte, verici sistemin en 

çok güç tüketen birimi olduğundan, güç kuvvetlendiricisinin kazancının ve veriminin 

de geniş bir frekans bandı boyunca olabildiğince yüksek olması hedeflenir. 

Aktif elemanın doğrusal olmayan davranışı, genellikle çeşitli tekniklerle modellenerek 

bilgisayar destekli tasarım ortamlarına aktarılır. Böylelikle kuvvetlendirici tasarımı 

yaparken, istenilen elektriksel giriş, çıkış ve kutuplama şartları içerisinde 

kuvvetlendiricinin çalışması analiz edilir. Yani bilgisayar benzeşimleri ile tasarım 

süreci ilerler. Aktif elemanların son derece doğrusal olmayan davranışı nedeniyle, 

istenen özelliklere sahip kuvvetlendiricinin tasarımı, diğer bir ifadeyle, uygun giriş ve 

çıkış uyumlaşım devrelerinin elde edilmesi, yalnızca devre teorisi eşitlikleriyle 
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mümkün olamamaktadır. Bu nedenle, günümüzde güç kuvvetlendiricisi tasarlarken, 

genellikle kaynak-çekme ve yük-çekme adı verilen teknikler  kullanılır. Şöyle ki, 

belirli çalışma koşullarında tranzistor için uygun kaynak tarafı ve yük tarafı 

sonlandırma empedansları tespit edilir. Bu işlem, cihazı çeşitli empedans değerleri ile 

sonlandırarak ve her sonlandırma empedans değerinde kazanç ve verimlilik gibi 

önceden belirlenmiş performans kriterlerini ölçerek gerçekleştirilir. Sonlandırma 

empedanslarının gerçel ve sanal kısımları, optimum kaynak ve yük empedanslarını 

bulmak için Smith Abağı üzerindeki belirli bir empedans bölgesinde taranır, her bir 

tarama adımında transistörün çıkış gücü, kazancı, verimi vs. kaydedilir. Bu işlem farklı 

frekanslarda tekrarlanarak her bir frekans değeri için optimum kaynak/yük-çekme 

empedansı tespit edilir. Kaynak/Yük-çekme işlemi, laboratuvarda ölçüm ekipmanları 

ile yapıldığı gibi aktif elemanın modelinin kullanarak bilgisayar benzeşimleriyle de 

yapılabilir. Ayrıca belirli frekanslardaki optimum kaynak/yük çekme verileri, üretici 

firmalar tarafından elemanların kataloğunda da genellikle verilmektedir. Ölçülen 

kaynak/yük-çekme empedans verileri yardımıyla band genişliği dar olan bir güç 

kuvvetlendiricisinin tasarımı kompleks eşlenikle uyumlama metodlarıyla kolayca 

yapılabilir. Ancak, band-genişliği artarsa tasarım görevi zorlaşır. Geniş bandlı bir 

tasarım için, ilgilenilen frekans bandı içerisindeki güç kuvvetlendiricisi performansını 

optimize etmek amacıyla yeterince çok sayıda ayrık frekansta kaynak/yük-çekme 

empedans verilerini belirlememiz gerekir. Ardından, giriş uyumlama devresi ve çıkış 

uyumlama devresinin kaynak/yük-çekme empedans değerleri gözetilerek tasarlanması 

gerekmektedir. Bu amaçla tasarımcılar genellikle bir takım uyumlaşım devre 

topolojileri veya önceden tanımlı analitik devre fonksiyonları seçerler. Ardından 

fonksiyonun parametrelerini veya devrelerdeki kapasite, bobin, iletim hattı gibi pasif 

elemanların değerlerini hesaplar ve optimize ederler. Böylelikle ilgili kaynak/yük-

çekme empedans veri setine uyan ya da empedans değerlerine olası en yakın sonucu 

veren eleman değerlerinin saptanması amaçlanır. Bu aşamada belirtmek gerekir ki 

çeşitli kuvvetlendirici parametrelerini optimize etmek üzere elde edilmiş olan ayrık 

kaynak/yük-çekme empedansları, istenilen bir frekans bandı boyunca gerçeklenebilir 

devre fonksiyonlarına karşı gelen değerler olmayabilir yani pozitif reel fonksiyonları 

tanımlamayabilir. Bu nedenle çalışmamızda, verilen kaynak/yük-çekme datasının 

belirli bir frekans bandı içerisinde pozitif reel fonksiyon olup olmadığını belirlemek 

için bir test prosedürü geliştirilmiştir. Daha sonra da verilen ayrık empedans datasını, 

devre topolojisinden bağımsız olarak gerçeklenebilir devre fonksiyonu şeklinde 

modellenmesni sağlayan orjinal bir yöntem önerilmiştir. Gerçel Frekans Çizgisel Hat 

tekniğine dayanan bu yöntem ile, verilen kaynak/yük empedansının performans analizi 

de yapılabilmektedir. Şöyle ki, eğer kullanılan kaynak/yük-çekme verisi 

gerçeklenebilir bir devre fonksiyonuna karşılık gelmiyorsa, bu veriye ilişkin kazanç-

band genişliği analizi yapılarak uyumlaşım için ey iyi sonuç, diğer bir ifadeyle, band 

içerisinde güç aktarım seviyesi en yüksek olan çözüm elde edilebilmektedir. 

Böylelikle, bu tekniğin kaynak-çekme empedansına uygulanmasıyla aktif elemanın bir 

sinyal kaynağından güç çekme performansı tespit edilebilir. Benzer şekilde yük-çekme 

datasının analizi ile de aktif elemanın çıkışındaki yüke güç aktarım sınırları 

belirlenebilir. Bu sınırları nicel olarak ifade etmek amacıyla, çalışmada “Güç 

Performans Ürünü (Power, Performance Product PPP)” adı verilen yeni bir metrik 

tanımlaması yapılmıştır. Bu metrik ile verilen bir kaynak/yük-çekme veri seti ile, ilgili 

aktif elemanın istenen frekans band içerisinde kullanışlı olup olmayacağı pratik olarak 

analiz edilmektedir. Öyle ki Güç Performans Ürünü ifadesinin 25%’ten düşük çıkması 

durumunda, transistöre aktarılan ve transistörden çekilmesi istenen gücün yarıdan 

fazlasının aktarılamadığı, ziyan olduğu anlamına gelmektedir. Bu durumda, ilgili 
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tranzistörün ilgili frekans bandı için kullanışsız olduğu ve değiştirilmesi gerektiği 

sonucu çıkarılabilir. 

Çalışmada önerilen, en yüksek kazanç seviyesine ulaşmayı ve en-başarılı 

gerçeklenebilir kaynak/yük empedanslarını tespit etmeyi sağlayan orjinal ve kullanışlı 

yöntem “Sanal Kazanç Optimizasyonu” olarak adlandırılmıştır. Bu yöntemin 

minimize edilmek istenen hata fonksiyonunu daima yakınsak biçimde global 

minimuma götürdüğü ve böylelikle ilgili aktif eleman için optimum-gerçeklenebilir 

kaynak/yük empedanslarının tespit edildiği gösterilmiştir.  

Nümerik olarak üretilen gerçeklenebilir kaynak ve yük empedansları analitik olarak 

modellenmektedir. Sonuç olarak, bu empedanslar optimum giriş ve çıkış uyumlaştırma 

devre topolojilerini elde etmek amacıyla Darlington Sentezi kullanılarak sentezlenir. 

ticari olarak temin edilebilen bir GaN mikrodalga tranzistörünün verilen kaynak/yük-

çekme verileri kullanılarak geniş bandlı, yüksek kazançlı ve verimli güç 

kuvvetlendiricisi tasarımları örnek olarak sunulmuştur.  

Tasarım örneği olarak, CGH40010 GaN tranzistörü kullanılmış ve bu elemanın 

kataloğunda yer alan kaynak/yük-çekme verilerinin gerçeklenebilirliği test edilmiştir. 

Daha sonra bu veriler önerilen sanal kazanç optimizasyonu yöntemiyle 

modellenmiştir. 0.8-3.0GHz band aralığında kazanç-band genişliği analizi de 

yapılarak, band içerisindeki minimum değeri en yüksek kazanç seviyesine sahip 

çözüm üzrinden başarılı bir tasarım yapılmıştır. İdeal pasif devre elemanlarından 

oluşan uyumlaşım devreleri, pratik üretime uygun olarak kısmen mikroşerit hatlara 

dönüştürülmüşür. Tasarlanan güç kuvvetlendiricisi, çalışma bandı boyunca 

38.8dBm’den 40.05dBm’e değişen çıkış gücü, 49%’dan 70.6%’ya değişen güç-ekli 

verim ve  TPG=11.4±0.6 dB kazanç başarımı sağlamaktadır. 

Bir diğer örnekte de, olası kararlılık elemanları, bağlantı hatları, DC bağlaşım 

kapasiteleri, transiztörün kaynak/yük empedans verisi ile birlikte kurgusal bir 

uyumlaşım problemi tanımlanmış ve bu problem çözülerek tasarım yapılmıştır. Bu 

tasarımda uyumlaşım elemanları, kaskad bağlı eş-uzunluklu iletim hatları olarak 

sentezlenmiştir. Ortalama kazanç 11.5dB, çıkış gücü 40.5 dBm ve ortalama savak 

verimi 61.7% olacak şekilde 500 MHz-3 GHz band aralığında tasarlanmıştır.
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 INTRODUCTION 

Power amplifiers are the principal building blocks of wireless communication systems. 

The main task of a microwave power amplifier (PA) is to amplify the carrier 

electromagnetic wave to a sufficient level to properly drive the transmitting antenna 

as it is shown in Figure 1.1. 

DAC DA PA

LO: Local Oscillator
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Power 
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Digital to 

Analog 
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Figure 1.1 : Power amplifier on a simple microwave transmitter block diagram. 

In general, power amplifiers are utilized in commercial and military systems, such as 

wireless communications, radar applications, microwave medical imaging and 

heating, etc., since all these areas requires the transmission of electromagnetic energy 

over the microwave frequencies [1-9]. Today’s popular commercial communication 

systems such as 5G, 6G, and wi-fi etc. [10-15], constitute an important market for 

power amplifiers. Furthermore, satellite communications and wireless systems in 

space missions can be  sorted among the major application areas of microwave power 

amplifiers in space exploration and space technologies [16-19]. All these existing and 

developing various wireless communication systems, modulation types and different 

frequency bands need the development of power amplifiers with different performance 

metrics. That is why development of new design procedures to construct power 

amplifiers attracts many researchers in the field of microwave engineering. 

In practice, a power amplifier design process begins with the selection of a proper 

power transistor. At this point, it is important to consider the design parameters such 

as transducer power gain (𝑇𝑃𝐺), output power (𝑃𝑜𝑢𝑡), drain efficiency (𝜂), and 
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bandwidth (𝐵𝑊). When the active device is selected, it is necessary to characterize the 

non-linear behavior of the active element in order to match the input and the output 

ports properly. Nowadays, usage of Gallium-Nitride (GaN) based high electron 

mobility transistors (HEMTs) is common practice in solid-state power amplifier 

designs because of their high power and wide bandwidth capabilities [19-24]. In 

addition, broadband PA design is an important research topic since various 

communication systems with different frequencies frequently used in the same 

equipment [25]. However, the PA is the most power-consuming unit of the transmitter 

system, the power-gain and power-efficiency of the power amplifier are desired to be 

as high as possible over a wide frequency band.  

The principal performance metrics for microwave PAs can be found in the main 

textbooks as [25-29]. For the sake of completeness, some of the most utilized 

performance metrics within the scope of the thesis can be explained as follows.  

Transcuder Power gain can be defined as the ratio of the delivered output power of the 

amplifier to the available power (𝑃𝑎𝑣) at the input port as  

𝑇𝑃𝐺 =
𝑃𝑜𝑢𝑡

𝑃𝑎𝑣
. (1.1) 

In order to quantify the power consumption of a PA, drain efficiency (𝜂) expression 

can be expressed as 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝐷𝐶
 (1.2) 

where 𝑃𝐷𝐶 is the consumed DC power to feed the active device. Most of the times, the 

input signal power (𝑃𝑖𝑛) of the PA can be considerably high. Therefore power added 

efficiency (PAE) may be preferable to measure the power-efficiency instead, which is 

given as  

𝑃𝐴𝐸 =
𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛

𝑃𝐷𝐶
. (1.3) 

To design a PA, the non-linear behavior of the active device is usually modeled with 

various transistor modelling techniques and transferred to computer-aided design 

environments [30-39]. Thus, the operation of the active device is analyzed under the 
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desired input, output and biasing conditions on simulation tools. However, due to the 

highly non-linear behavior of the active device, the design of matching networks can 

not be possible only with the linear scattering parameter based methods. Therefore, 

techniques called source-pull (SP) and load-pull (LP) are generally used to determine 

the optimum impedance terminations for the active device from the source-end and the 

load-end under certain biasing conditions [26, 40-43]. This procedure is simply 

achieved by terminating the device with a variable-load (i.e. tuner) as shown in Figure 

1.2. While sweeping the termination value, the pre-determined performance criteria 

such as gain and efficiency are measured at each terminating impedance point. 

Therefore the real and imaginary parts of the termination impedance are swept in a 

specific impedance region on the Smith Chart to determine the optimum source and 

load impedances. This process is repeated on several different frequencies to determine 

the optimum SP and LP impedance along the frequency band of interest. This 

measurement process can be carried out on the design tool using the non-linear model 

of the active device as well as in the laboratory with physical devices and measurement 

equipments. In addition, optimum SP/LP data is frequently given by the manufacturers 

in the catalog of the devices at certain frequencies as they are given in [44, 45]. With 

the usage of measured source/load-pull impedance data, a narrow-band, per say a 

single frequency, power amplifier can be easily designed by complex conjugate 

matching methods. However, the design task becomes more difficult if the bandwidth 

increases. For a wideband design, we need to specify source-pull and load-pull 

impedance data at a sufficiently large number of discrete frequencies to optimize the 

PA performance within the frequency band of interest. Then, the input matching 

network (IMN) and the output matching network (OMN) must be designed 

considering the SP and LP impedance values respectively. For this purpose, designers 

usually choose some pre-set matching network topologies composed of passive 

network elements such as capacitors, inductors, transmission lines and etc, as in [46-

49]. Thus, it is desired to determine the element values by pre-calculations and 

optimizations for the best possible fit to the relevant SP/LP. At this point, it should be 

noted that, the collected SP/LP data placed on the Smith Chart, as shown in Figure 1.3, 

is so disconnected that, it may not correspond to a realizable network function over the 

desired frequency band. Therefore, in our study, firstly a test procedure is developed 

to determine whether the given source/load-pull data belongs to a positive real function 

within a certain frequency band, which can be realized by passive network elements 
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in resistive termination. Then, an original method is proposed to numerically model 

the discrete impedance data as a realizable network function regardless of the circuit 

topology. The proposed method is based on the Real Frequency Line Segment 

Technique (RF-LST) and it allows the designer to assess the gain-bandwidth 

performance of the the active device employing the optimum SP and LP immittance 

data. That is, if the SP/LP fits to a positive real function, the best TPG hits the unity 

over the passband. However, if the SP/LP data does not correspond to a realizable 

network function, then, one should expect a deviation from perfect match to end up 

with realizable source and load impedance data. In this case, the ideal TPG will be less 

than unity (𝑇𝑃𝐺 < 1).  Obviously, the target is to maximize TPG over the passband 

as much as possible, which in turn yields the optimum solution for the realizable source 

and load terminations. In this regard we propose a useful gain-bandwidth assessment 

algorithm to end up with realizable source and load impedance data in the form of line-

segments. Thus, generation of the optimum realizable source impedance data via RF-

LST, results in the best power-intake performance of the active device in least mean 

squared (LMS) sense. Similarly, by analyzing the LP data, the power-delivery 

performance of the active device can be assessed. During the numerical performance 

assessments process, an original tool called “Virtual Gain Optimization (VGO)” is 

presented.  VGO enables the user to reach the highest possible gain level in LMS sense 

and determine the most successful realizable source/load impedances numerically. It 

has been shown that this method always hits the error function to be minimized to the 

global minimum in a convergent manner and thus optimum-realizable source/load 

impedances are determined for the relevant active element. In order to express 

performance assessment limits quantitatively, a new figure of merit called "Power, 

Performance Product PPP" is introduced in the following chapter. A given SP/LP data 

set is practically analyzed whether the relevant active device will be egligible to use in 

the desired frequency band. In fact, if the Power Performance Product is lower than 

25%, it means that more than half of the power is wasted, since power-intake and/or 

power-delivery performance of the active is poor. In this case, it may be concluded 

that the relevant transistor is useless to operate in the desired frequency band and needs 

to be replaced.  
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Figure 1.2 : Source-pull and load-pull procedure for the active device. 

 

Figure 1.3 : Discrete load-pull (or source-pull) data set placed on the Smith 

chart. 

Once the best realizable source and load impedance is numerically generated by VGO, 

they are analytically modeled to yield the IMN and OMN. As a result, these 

impedances are synthesized using Darlington Synthesis to obtain the optimum input 

and output matching network topologies [50-54]. Eventually, employing the proposed 

techniques presented in this thesis, one can design broadband PAs with high gain and 

high efficiency via modelling of SP/LP data given for commercially available GaN 

microwave transistors. 

The thesis is organized as flows: 

Chapter 1 introduces the objective of the thesis  

In the following chapter (Chapter 2), the literature and theoretical backround is 

revisited to develop the performance assessment algorithm. The realizability test for 
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the given SP/LP data and the “Virtual Gain Optimization” algorithm are introduced to 

perform the performance assessment for any microwave power transistor selected. A 

new metric called “Power Performance Product” is defined to evaluate the usability of 

the selected active device. Examples are presented to test the realizability of the given 

source/load-pull data and to assess the gain-bandwidth limitations of the given 

source/load pull impedances for a 45W-GaN power transistor, namely “Wolfspeed 

CG2H40045”, over 0.8-3.8 GHz bandwidth. 

In the Chapter 3, a broadband PA design and implementation are presented employing 

the proposed algorithms given in Chapter 2. A commercial GaN transistor namely 

CGH40010F from Wolfspeed is selected for the design purpose [45]. The realizability 

test and gain-bandwidth analysis are performed over the 0.8-3.0GHz frequency band 

via the VGO tool. Then, computed optimum realizable data is modeled and a 

successful design is achieved with the highest gain level in the passband. Synthesized 

lumped-element matching networks are partially converted into microstrip lines in 

accordance with practical realization conditions. The designed power amplifier 

provides output power ranging from 38.8dBm to 40.05dBm, power-added efficiency 

varying from 49% to 70.6%, and TPG=11.4±0.6 dB gain throughout the band of 

operation. 

In Chapter 4, another example, a “Fictitious Matching” problem is defined with the 

given SP and LP data. In this problem,  some practical issues are also considered such 

as the stability of the transistor with connection leads, DC de-coupling capacitors 

attached with the source/load-pull impedance data. Hence, the above fictitious 

matching problem describes a double matching problem. Then, it is solved by using 

the Real Frequency Parametrich Approach in Richards domain (𝜆) , yielding driving 

point impedances of the IMN and OMN in Darlington sense [50-55]. Eventually, these 

impedances are synthesized in the form of cascaded commensurate (i.e. equal length)  

transmission lines. An average gain of 11.5dB, an output power of 40.5 dBm and an 

average drain efficiency of 61.7% are achieved over the 500 MHz-3 GHz band. 

Finally, the thesis is concluded in Chapter 5.
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 BROADBAND PERFORMANCE ASSESSMENT OF A MICROWAVE 

POWER TRANSISTOR EMPLOYING THE REAL FREQUENCY 

TECHNIQUE1 

Generation of proper source/load-pull impedances for a selected active device is 

essential to design an RF power amplifier for optimum gain and power added 

efficiency. As they are obtained, these impedances may not be realizable network 

functions over the desired frequency band to yield the input and the output matching 

networks for the amplifier. Therefore, in this chapter, first, we introduce a new method 

to test if a given impedance is realizable. Then, a novel “Real Frequency Line Segment 

Technique” based numerical procedure is introduced to assess the gain-bandwidth 

limitations of the given source and load impedances, which in turn results in the 

ultimate RF power-intake and power-delivery capacity of the amplifier. During the 

numerical performance assessments process, a robust tool called “Virtual Gain 

Optimization” is presented. Finally, a new definition called “Power-Performance-

Product” is introduced to measure the quality of an active device. Examples are 

presented to test the realizability of the given source/load pull data and to assess the 

gain-bandwidth limitations of the given source/load pull impedances for a 45W-GaN 

power transistor, namely “Wolfspeed CG2H40045”, over 0.8-3.8 GHz bandwidth. 

 Introduction 

For wireless communication systems, it is essential to design power amplifiers (PA) 

for variety of applications [26, 56-62]. Nowadays, it is a common practice to employ 

Gallium Nitrate (𝐺𝑎𝑁) transistors due to their high-power delivering capacity [20-24]. 

In practice, PA design process starts with careful selection of the power transistor 

considering the design parameters such as the required output signal power to be 

delivered, power added efficiency (PAE) of the amplifier, transducer power gain 

 

 
1 This chapter is based on the paper "Kilinc, S, Ejaz, ME, Yarman, BS, Ozoguz, S, Srivastava, S, 

Nurellari, E. (2022). “Broadband performance assessment of a microwave power transistor employing 

the real frequency technique,” Int J Circ Theor Appl. 2022; 50( 11): 3725- 3748. doi:10.1002/cta.3357". 
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(TPG) over the specified bandwidth, etc. Once the power transistor is selected, its 

nonlinear behavior is characterized by determining the optimum source-pull (SP) and 

load-pull (LP) impedances. This process is achieved at each frequency point by 

terminating the device with various impedance values, measuring the pre-set 

performance criteria such as gain and efficiency. The real and imaginary parts of the 

loading impedances are swept in a particular impedance zone on the Smith Chart to 

find the optimum source and load impedances. In practice, measured optimum source 

and load impedances are published in datasheets as in [44] One can easily make a 

narrow bandwidth PA design, per say, at a single frequency 𝑓𝑎 on the measured source 

and load pull impedance data. However, the design task becomes difficult if the 

bandwidth increases. For broadband PA design, we need to determine source and load 

pull impedance data at sufficiently large number of discrete frequencies to optimize 

the PA performance inside the frequency band of interest. In this case, the resulting 

source and load pull impedance data sets must correspond to realizable network 

functions, which eventually, yield optimum input and output matching networks, when 

they are modelled as positive real functions [40-43]. 

Let 𝑍𝑆𝑃𝑎(𝑗𝜔𝑎) = 𝑅𝑆𝑃𝑎(𝜔𝑎) + 𝑗𝑋𝑆𝑃𝑎(𝜔𝑎) and 𝑍𝐿𝑃𝑎(𝑗𝜔𝑎) = 𝑅𝐿𝑃𝑎(𝜔𝑎) + 𝑗𝑋𝐿𝑃𝑎(𝜔𝑎) 

designate the discrete actual source and load pull impedance data at the actual angular 

frequency 𝜔𝑎 = 2𝜋𝑓𝑎 with actual frequency 𝑓𝑎. In these notations, subscript “𝑎” refers 

to measured actual values. To simplify the PA design process, measured impedance 

data is normalized with respect to a normalization resistance 𝑅0 and a frequency 𝑓0𝑎. 

In practice, 𝑅0 may be selected as the standard termination 50𝛺 and 𝑓0𝑎 can be chosen 

at the high end of the frequency band. In this case, normalized angular frequencies are 

𝜔 =
2𝜋𝑓𝑎

2𝜋𝑓0a
= 2𝜋𝑓 where 𝑓 designates the normalized frequencies. Using the generic 

notation, a normalized impedance 𝑍(𝑗𝜔) is obtained by dividing the actual impedance 

𝑍𝑎(𝑗𝜔𝑎) = 𝑅𝑎(𝜔𝑎) + 𝑗𝑋𝑎(𝜔𝑎)  to 𝑅0 such that 𝑍(𝑗𝜔) =
𝑍𝑎

𝑅0
= 𝑅(𝜔) + 𝑗𝑋(𝜔). 

Likewise, normalized SP and LP impedances are represented by 𝑍𝑆𝑃(𝑗𝜔) = 𝑅𝑆𝑃(𝜔) +

𝑗𝑋𝑆𝑃(𝜔) and 𝑍𝐿𝑃(𝑗𝜔) = 𝑅𝐿𝑃(𝜔) + 𝑗𝑋𝐿𝑃(𝜔) respectively. It is noted that the measured 

SP and LP terminations optimize the 𝑇𝑃𝐺 as well as the 𝑃𝐴𝐸 of the amplifier under 

consideration. Obviously, source and load pull impedances must be positive real (PR) 

functions so that one is able to analytically model the measured data and construct the 

front and the back-end matching networks as depicted in Figure 2.1. 
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 A typical microwave power amplifier with realizable source and load 

impedances 𝑍𝑆 and 𝑍𝐿. 

As they are placed on the Smith Chart, discrete source and load pull impedances may 

not describe positive real functions over broad frequency band. In this case, one must 

develop a test procedure to determine if 𝑍𝑆𝑃 and 𝑍𝐿𝑃 are PR functions. Eventually, the 

best possible-realizable source and load impedances must be generated to yield the 

front and the back-end matching networks for the power amplifier to be designed. 

Therefore, in the following section, we introduce a novel numerical method to test the 

positive realness of a given discrete impedance data (Section 2.2). Then, examples are 

given to test if a measured arbitrary immittance data and the source/load pull 

impedances obtained from the Wolfspeed’s CG2H40045 𝐺𝑎𝑁 power transistor, 

represent positive real functions (Section 2.3). In section 2.4, we propose a novel 

numerical process to assess the gain-bandwidth limitation of a given impedance data 

using the “Real Frequency-Line Segment Technique (RF-LST)” [50, 63, 64]. During 

the numerical performance assessments process, we introduce an original tool called 

“Virtual Gain Optimization (VGO)”.  In Section 2.5 and 2.6,  “Gain-Bandwidth 

Limitations (GBWL)” of the source-pull and the load-pull impedances of  the 

Wolfspeed CG2H40045 𝐺𝑎𝑁 power transistor is determined over 0.8𝐺𝐻𝑧 − 3.8𝐺𝐻𝑧 

bandwidth respectively. In Section 2.7, we introduce a new definition to assess the 

Power-Intake and Power-Delivery performance of an active device. In section 2.8, a 

power amplifier design is completed by modelling the RF-LST based optimum and 

realizable source and load impedance data. Finally, the chapter is concluded in Section 

2.9. 

It may be useful to mention that the alternative performance assessment of an active 

device may be conducted utilizing the analytic gain-bandwidth theory. Unfortunately, 

the theory is not accessible as described in [65, 66]. 
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 A Numerical Approach to Test the Positive Realness of the Measured SP 

And LP Immittance Data 

While playing with immittance data on the Smith Chart, microwave engineers may not 

realize that the data placed on the Smith Chart with positive real part may not 

necessarily represent a realizable passive immittance function over the frequency band 

of interest. Therefore, one needs to test the data whether it is a positive real-realizable 

immittance or not. 

Before we introduce the realizability test algorithm for the measured Source/Load Pull 

immittance data, let us review some of the related concepts of the network theory such 

as the definition of positive real (PR) functions, minimum functions, Foster functions, 

Hilbert transformation and Darlington’s theorem. Detailed information on these topics 

can be found in major textbooks such as [50, 64]. 

Let 𝑝 = 𝜎 + 𝑗𝜔 be the complex Laplace plane variable.  

Definition 1:  Any complex analytic function 𝐾(𝑝) is called positive real (PR) if and 

only if it is real for 𝑝 is real (i.e., for 𝑝 = 𝜎, 𝐾(𝜎) is real) and 𝐾(𝜎) ≥ 0 when 𝜎 ≥ 0. 

Definition 2: A positive real function 𝐾𝑚(𝑝) =
𝑎𝑚(𝑝)

𝑏𝑚(𝑝)
,  which is free of 𝑗𝜔 poles, is 

called a “minimum function”. In other words, 𝑏𝑚(𝑝) is strictly Hurwitz, which only 

posses 𝑂𝑝𝑒𝑛 − 𝐿𝑒𝑓𝑡 𝐻𝑎𝑙𝑓 𝑃𝑙𝑎𝑛𝑒 (O-LHP) zeros. 

Definition 3: A positive real function 𝐾𝐹(𝑝) =
𝑎𝐹(𝑝)

𝑏𝐹(𝑝)
, which possess only “simple and 

interlacing 𝑗𝜔 zeros and poles”, is called a “Foster function”.  

Property 1:  If 𝐾(𝑝) =
𝑎(𝑝)

𝑏(𝑝)
 is 𝑃𝑅, then it may be decomposed in to its minimum and 

Foster functions such that 

𝐾(𝑝) = 𝐾𝑚(𝑝) + 𝐾𝐹(𝑝) (2.1a) 

where 

𝐾𝑚(𝑝) =
𝑎𝑚(𝑝)

𝑏𝑚(𝑝)
= ∑

𝑘𝑖

𝑝 − 𝑝𝑖

𝑛

𝑖=1

 (2.1b) 

with 𝑝𝑖 = 𝜎𝑖 + 𝑗𝜔𝑖 and 𝑝𝑖+1 = 𝜎𝑖 − 𝑗𝜔𝑖 with 𝜎𝑖 < 0. 
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On the 𝑗𝜔 axis, 𝐾𝐹(𝑝), 𝐾(𝑝), and 𝐾𝑚(𝑝) are expressed as 

𝐾𝐹(𝑗𝜔) = 𝑗𝑋𝐹(𝜔) (2.2a) 

𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔) (2.2b) 

𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔) (2.2c) 

Property 2: For a Foster function 𝐾𝐹(𝑗𝜔) = 𝑗𝑋𝐹(𝜔), derivative of 𝑋𝐹(𝜔) with respect 

to 𝜔 is always non-negative. In other words, The Foster reactance function 𝑋𝐹(𝜔) is a 

monotonically increasing function. That is, 
𝑑𝑋(𝜔)

𝑑 𝜔
≥ 0 ;  ∀𝜔 with interlacing zeros and 

poles.  

Theorem 1: A minimum function 𝐾𝑚(𝑗𝜔) is uniquely determined from its real part 

𝑅(𝜔) using Hilbert transformation such that 

𝑋𝑚(𝜔) = 𝑅∞ +
2𝜔

𝜋
∫

𝑅(𝑦)

𝑦2 − 𝜔2
𝑑𝑦

∞

0

= 𝐻{𝑅(𝜔)} (2.3) 

In (2.3), 𝑅∞ is the constant value of 𝑅(𝜔) as the frequency approaches to infinity. In 

practical applications, it is set to zero due to parasitic effects.  

For a minimum function 𝐾𝑚(𝑗𝜔), the relation between its real part 𝑅(𝜔) and its 

imaginary part 𝑋(𝜔) is called the Hilbert transformation (𝐻𝑇). In this study, 𝐻𝑇 

operator is designated by 𝐻{ . }. Thus, we say that 𝑋𝑚(𝜔) = 𝐻{𝑅(𝜔)}. 

2.2.1 Numerical evaluation of Hilbert Transformation 

The real part 𝑅(𝜔) of a minimum function may be piece-wise linearized as shown in 

Figure 2.2.  

 

 Piecewise linearization of the Real part 𝑅(𝜔) of a minimum function 

𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔). 
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In Figure 2.2, 𝑅(𝜔) is sampled at the break frequencies {𝜔1, 𝜔2, 𝜔3, … 𝜔𝑁} with 

corresponding break points {𝑅1, 𝑅2, 𝑅3, … 𝑅𝑁}. Furthermore, it is assumed that 

adjacent sampled pairs {𝜔𝑗, 𝑅𝑗} and {𝜔𝑗+1, 𝑅𝑗+1} are connected by line segments. For 

a sufficiently large frequency placed at 𝜔 = 𝜔𝑁, 𝑅(𝜔) becomes practically zero 

yielding 𝑅𝑁 = 0. Based on the line-segment representation of Figure 2.2, 𝑅(𝜔) is 

simply evaluated using the following line equation. For 𝜔𝑗 ≤ 𝜔 ≤ 𝜔𝑗+1 such that 𝑗 =

1,2, … , (𝑁 − 1), 𝑅(𝜔) is given by 

𝑅𝑗(𝜔) = 𝑎𝑗𝜔 + 𝑏𝑗 (2.4) 

where 𝑎𝑗 =
𝑅𝑗−𝑅𝑗+1

𝜔𝑗−𝜔𝑗+1
 and 𝑏𝑗 =

(𝑅𝑗+1) 𝜔𝑗−(𝑅𝑗)𝜔𝑗+1

𝜔𝑗−𝜔𝑗+1

  

In the above representation of 𝑅(𝜔), we assume that 𝑅∞ = lim
𝑝→∞

𝑅(𝜔) is zero. This is 

a practical assumption for all passband amplifier designs.  

Having line-segment representation of 𝑅(𝜔), imaginary part 𝑋𝑚(𝜔) of (2.3) is derived 

as 

𝑋𝑚(𝜔) = ∑ 𝛽𝑗(𝜔)∆𝑅𝑗

𝑁−1

𝑗=1

≜ 𝐻{𝑅(𝜔)} (2.5a) 

where ∆𝑅𝑗 and 𝛽𝑗(𝜔) is given by 

∆𝑅𝑗 = 𝑅𝑗+1 − 𝑅𝑗 (2.5b) 

𝐹𝑗(𝜔) = (𝜔 + 𝜔𝑗) 𝑙𝑛(|𝜔 + 𝜔𝑗|) + (𝜔 − 𝜔𝑗) 𝑙𝑛(|𝜔 − 𝜔𝑗|) (2.5c) 

𝛽𝑗(𝜔) =
1

𝜋(𝜔𝑗 − 𝜔𝑗+1)
[𝐹𝑗+1(𝜔) − 𝐹𝑗(𝜔)] (2.5d) 

It should be clear for the reader that, once the real part 𝑅(𝜔) is represented by the line 

segments as a continuous function of the angular frequency 𝜔 between two adjacent 

points, then, the Hilbert transformation (2.3) is obtained exactly on the given line-

segments, specified by (2.4). Therefore, the pair (2.4) and (2.5), for sure define a 

realizable minimum function 𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔) by means of the line 
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segments. In other words, at a given point 𝜔, the value of 𝐾𝑚(𝑗𝜔) is exactly 

determined from its real part  𝑅(𝜔). 

In the following sub-section, we propose a novel numerical procedure to decompose a 

positive real function into its minimum and Foster functions.  

2.2.2 Numerical decomposition of a measured immittance data to its minimum 

and Foster functions 

On the real frequency axis 𝑗𝜔, (2.1a) can be regarded as a Theorem as follows. 

Theorem 2: Any immittance data 𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔) can be decomposed into its 

minimum 𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔) and Foster 𝐾𝐹(𝑗𝜔) = 𝑗𝑋𝐹(𝜔) functions 

numerically such that 

𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔) = 𝐾𝑚(𝑗𝜔) + 𝐾𝐹(𝑗𝜔) (2.6a) 

where 

𝑋𝑚(𝜔) = 𝐻(𝑅) (2.6b) 

𝑋𝐹(𝜔) = 𝑋(𝜔) − 𝑋𝑚(𝜔) (2.6c) 

with 
𝑑𝑋𝐹(𝜔)

𝑑𝜔
≥ 0; ∀𝜔. Hence, (2.6) suggests the following algorithm to decompose 

“the measured immittance data” into its minimum and Foster functions. Then, one can 

test its positive realness by investigating the plot of the reactance curve 𝑋𝐹(𝜔) if it is 

monotonically increasing.  

It is crucial to note that the measured immittance data must be extrapolated over the 

entire frequency band to include 𝐷𝐶 up to a frequency 𝑓𝑁 where the real part 𝑅(𝜔𝑁) 

is practically zero. Likewise, the imaginary part 𝑋(𝜔) is also extrapolated such that 

𝑋(0) = 0 and 𝑋(𝜔𝑁) is set to a reasonable value perhaps, by considering the 

immittance model, or in an ad-hoc manner to force 𝑋𝐹(𝜔) to become Foster reactance 

function if possible.  

Based on the above derivations, let us introduce the following algorithm to separate 

the given immittance data to its minimum and Foster parts.  
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Algorithm 2.1: Extraction of the Foster Reactance part from the measured immittance 

data 

Inputs:  

𝐹𝐴: An array which includes actual sampling frequencies 𝑓𝑖𝑎 up to a point where the 

real part 𝑅𝑎(𝑓𝑎) practically vanishes and it is specified as a vector 𝐹𝐴 =

[𝑓1𝑎  𝑓2𝑎 … 𝑓𝑁𝑎]. Note that it would be preferable to select 𝑓1 at DC  (i.e., 𝑓1 = 0 ) by 

extrapolating the measured immittance data. 

𝑅𝐴: An array which includes actual sampled values of the real part of the measured 

immittance data 𝐾𝑎(𝑗𝑓𝑎) = 𝑅𝑎(𝑓𝑎) + 𝑗𝑋𝑎(𝑓𝑎) at the actual frequencies 𝑓𝑎 and it is 

specified as a vector 𝑅𝐴 = [𝑅1𝑎  𝑅2𝑎 … 𝑅𝑁𝑎] (i.e. 𝑅𝐴 includes all the break points) 

with 𝑅𝑁𝑎 = 0. 

𝑋𝐴: An array that includes actual sampled values of the imaginary part of the measured 

immittance data 𝐾𝑎(𝑗𝑓𝑎) = 𝑅𝑎(𝑓𝑎) + 𝑗𝑋𝑎(𝑓𝑎) at the actual frequencies 𝑓𝑎 and it is 

specified as a vector 𝑋𝐴 = [𝑋1𝑎  𝑋2𝑎 … 𝑋𝑁𝑎]. Most probably, at 𝐷𝐶, 𝑋1𝑎 = 0 for 

passive immittance data.  

𝑓0: Actual Normalization Frequency. It may be selected at the high end of the passband 

such that 𝑓0 = 𝑓(𝑁−1)𝑎 where 𝑅(𝑁−1)𝑎 > 0 with 𝑅𝑁 = 0 at 𝑓𝑁𝑎. 

𝑅0: Actual Normalization Resistor. It may be selected as standard termination 50Ω. 

Computational Steps: 

Step 1: Augment and normalize the break frequencies 𝑊𝐵𝑅 = 𝐹𝐴/𝑓0 to cover 𝜔 = 0. 

The last frequency is located at a 𝜔𝑁 such that 𝑅𝑁 = 𝑅(𝜔𝑁) ≅ 0. 

Step 2: Augment and normalize the real part 𝑅(𝜔) and 𝑋(𝜔).  

Step 3: Compute 𝑋𝑚 = 𝐻{𝑅(𝜔)} on the normalized real part 𝑅(𝜔). 

Step 4: Compute the reactance function 𝑋𝐹(𝜔) = 𝑋(𝜔) − 𝑋𝑚(𝜔). 

Step 5: Plot 𝑋𝐹(𝜔) against the normalized angular frequency 𝜔 and check if it is 

monotonically increasing. If {
𝑋𝐹(𝜔)

𝑑𝜔
≥ 0; ∀𝜔}, 𝑋𝐹(𝜔) is Foster which in turn makes 

the measured immittance a positive real function. 

-end of the algorithm- 

Now, let us run an example to implement the above algorithm in the following section. 
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 The Realizability Test of an  Impedance Data 

2.3.1 The realizability test as applied on a measured impedance data 

In this example, the measured impedance data  𝑍𝐴(𝑗𝜔𝑎) = 𝑅𝐴(𝜔𝑎) + 𝑗𝑋𝐴(𝜔𝑎) is 

depicted in Figure 2.3. Measurements cover the frequency band of 𝑓1𝑎 = 0.2 𝐺𝐻𝑧, and 

𝑓2𝑎 = 2 𝐺𝐻𝑧. Data is normalized with respect to 𝑅0 = 50𝛺 and 𝑓0 = 1 𝐺𝐻𝑧. Test the 

measured impedance data whether it represents a positive real function. 

Solution: For this purpose, Algorithm 2.1 is implemented step by step using a total 

number of 𝑁𝑆 = 11 sampling points over 200 MHz-2 GHz bandwidth. Now, let us 

implement the above Algorithm. 

Step 1 Frequency Augmentation: Frequency sampling points is augmented by adding 

two more points at the low and the high ends. The first point is placed at 𝐷𝐶, and the 

second point is selected at 𝑓𝑁𝑎 = 3 𝐺𝐻z with 𝑅𝑁𝑎 as shown in Figure 2.3. 

 

 Investigation of the measured impedance data if it is a positive real 

function. The answer is yes. It is PR. 

Step 2 Impedance Data Augmentation: The measured real part data 𝑅𝐴 is gradually 

decreasing starting from 48 ohms at 200 𝑀𝐻𝑧. Then, it may be appropriate to set 𝑅1 =

𝑅𝐴(1) = 50𝛺  and the last break point is set to 𝑅𝑁 = 𝑅𝐴(𝑁) = 0 at 3 GHz. At DC, 

we assumed that the imaginary part 𝑋(1) = 0. Notice that at 1.82 𝐺𝐻𝑧, actual 

reactance is 𝑋𝐴(1.82𝐺𝐻𝑧) = 160𝛺. At 2 𝐺𝐻𝑧, 𝑋𝐴(2𝐺𝐻𝑧) = 180𝛺. In other words, 

reactance 𝑋 is smoothly increasing towards 3 𝐺𝐻𝑧. In this case, it may be reasonable 
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to choose 𝑋𝐴 as 𝑋𝐴(3𝐺𝐻𝑧) = 200𝛺 or equivalently on the normalized scale, we set  

𝑋(3𝐺𝐻𝑧) =
200

50
= 4. Hence, augmented results are also shown in Figure 2.3. 

Step 3 Generation of the imaginary part 𝑋𝑚(𝜔) of the minimum function: This step is 

performed using (2.5). 

Step 4 Generation of Foster reactance function: This step is simply performed by  

𝑋𝐹 = 𝑋 − 𝑋𝑚 as in (2.6).  

Step 5: Plot the results and investigate the Foster reactance function 𝑋𝐹(𝜔) if it is 

monotonically increasing 

Computed Foster reactance function 𝑋𝐹(𝜔) is also depicted in Figure 2.3. Close 

examination of this figure reveals that 𝑋𝐹(𝜔) is monotonically increasing. Therefore, 

the measured impedance data given by Figure 2.3 belongs to a positive real impedance 

function. Therefore, it can be modelled as an analytic positive real function without 

hesitation. 

2.3.2 Examination of the positive realness of the source and the load pull 

impedances obtained from a GaN power transistor 

In this sub-section, we investigate the positive realness of the measured optimum 

source and load pull impedance data extracted from a 𝐺𝑎𝑁 power transistor. The 

selected transistor is a 𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑 − 𝐶𝐺2𝐻40045, from Wolfspeed Company with 

nominal 45 Watts of output power [44].  As reported in [44], optimum source and load 

pull impedance plots are shown in Figure 2.4.  

 

 Optimum Source-Pull and Load-Pull termination impedances. 
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As described in the previous section, we extrapolated the given data to cover the 

frequencies 𝐹1𝑎 = 0 (𝐷𝐶) and 𝐹𝑁𝑎 = 6 𝐺𝐻𝑧. In extrapolating the measured 

source/load pull impedances, end points of the real parts (i.e., for a sufficiently large 

frequency point) and the first points (i.e., DC) of the imaginary parts are set to zero 

due to the nature of the impedance behavior. On the other hand, first points of the real 

parts and the last points of the imaginary parts may be predicted by linear interpolation 

of the given data.   

At DC, we select  𝑅𝑆𝑃(1) = 5𝛺 and 𝑋𝑆𝑃(1) = 0. At 6 𝐺𝐻𝑧, 𝑅𝑆𝑃(𝑁) = 0 and 

𝑋𝑆𝑃(𝑁) = −25𝛺 are selected. Similarly, load pull impedance data is augmented as 

𝑅𝐿𝑃(1) = 20𝛺, 𝑅𝐿𝑃(𝑁) = 0𝛺 and 𝑋𝐿𝑃(1) = 0, 𝑋𝐿𝑃(𝑁) = −20𝛺.  

Close examination of Figure 2.5a reveals that, up to 500 MHz (Band-I), over 1.0-1.1 

GHz (Band III), 1.5-1.8 GHz (Band V) and 1.9-2.0 GHz (Band VII) 𝑋𝐹𝑆𝑃(𝜔) behaves 

like a Foster reactance function by shape.   However, over 500 MHz-1 GHz (Band II), 

1.1-1.5 GHz (Band IV), 1.8-1.9 GHz (Band VI) and after 2.0 GHz (Band VIII), it is 

non-Foster.  

Similarly, Figure 2.5b indicates that, 𝑋𝐹𝐿𝑃 acts like a Foster reactance over DC to 750 

MHz (Band-1), 1.0 GHz to 1.1GHz (Band-3), and it is non-Foster over 0.75 GHz -1.0 

GHz (Band-2) and after 1.1 GHz (Band-4). Thus, we say that measured load pull 

impedance data behaves like a proper positive real function in Bands 1 and 3 

respectively. Otherwise it is non-Foster. So far, what we have observed that due to 

nonlinear behavior of the GaN transistor Wolfspeed CG2H40045, reported source and 

load-pull impedances are not realizable network functions over the frequency bands 

indicated above, even though they present positive real parts. However, they can be 

fitted to realizable network functions as much as possible, to construct the optimum 

front-end (input) and back-end (output) matching networks of the power amplifier. 

This process leads us to the gain-bandwidth limitation of the active device under 

consideration. In the follow up section, we propose an algorithm to assess the gain-

bandwidth limitation of the optimum source and the load pull impedances employing 

the real frequency line segment technique (RF-LST). 
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(a) Foster Part of the source-pull impedance data. 

 

(b) Foster Part of the load-pull impedance data. 

 Extraction of the Foster Reactance from the source/load pull 

impedances. 

It is interesting to note that the imaginary part 𝑋(𝜔) pattern may resemble the variation 

of 𝑋𝐹(𝜔) if the contribution of 𝑋𝑚(𝜔) is negligible in 𝑋(𝜔) = 𝑋𝐹(𝜔) + 𝑋𝑚(𝜔). 
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 Numerical Assessment of the Gain-Bandwidth Limitation of a Realizable 

Immittance 

The purpose of this section is to build the best realizable line-segment model for the 

reported source and load pulled immittances of [44] as much as possible. The proposed 

method is outlined as follows.  

Let 𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔) refers to either the optimum source or load-pull 

immittance to be modelled. In this regard, we define a virtual matching problem as 

shown in Figure 2.6, where the virtual load 𝐾𝑉𝐿(𝑗𝜔) = 𝑅𝑉𝐿(𝜔) + 𝑗𝑋𝑉𝐿(𝜔) is the 

complex conjugate of the immittance data to be modelled using the Real Frequency 

Line Segment technique [50]. In this case, the virtual load 𝐾𝑉𝐿(𝑗𝜔) is expressed as 

𝑅𝐿𝑉(𝜔) = 𝑅(𝜔) (2.7a) 

𝑋𝑉𝐿 = −𝑋(𝜔) (2.7b) 

EEG KVL

R=1  

KQ(jω)=RQ(ω)+jXQ(ω)  

 A virtual single matching problem to model a measured immittance data 

𝐾(𝑗𝜔) by setting 𝐾𝑉𝐿 = 𝑍∗. 

Referring to Figure 2.6, in RF-LST, lossless matching network [E], is described by 

means of its PR driving point back-end immittance 𝐾𝑄(𝑗𝜔) = 𝑅𝑄(𝜔) + 𝑗𝑋𝑄(𝜔) in 

Darlington sense. Furthermore, we assume that 𝐾𝑄(𝑗𝜔) is a minimum function. 

Therefore, 𝑋𝑄(𝜔) is uniquely determined from 𝑅𝑄(𝜔) via Hilbert Transformation as 

in (2.3). Referring to Figure 2.2, the unknown of the matching problem is selected as 

the real part 𝑅𝑄(𝜔) and it is expressed by means of its unknown break points 𝑅𝑄𝐴 =

[𝑅1 𝑅2 𝑅3 … 𝑅𝑁−1 𝑅𝑁 ], sampled at the break frequencies 𝑊𝐵𝑅 =

[𝜔1 𝜔2 𝜔3 … 𝜔𝑁−1 𝜔𝑁]. 𝑅𝑄(𝜔) is evaluated using (2.4) and 𝑋𝑄(𝜔) is generated 

employing (2.5). 
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The unknown break points [𝑅1 𝑅2 𝑅3 … 𝑅𝑁−1 𝑅𝑁 ] are determined to optimize the 

transducer power gain which is given by 

𝑇(𝜔) =
4𝑅𝑄𝑅𝑉𝐿

|𝐾𝑄(𝑗𝜔) + 𝐾𝑉𝐿(𝑗𝜔)|
2 =

4𝑅𝑄𝑅𝑉𝐿

(𝑅𝑄 + 𝑅𝑉𝐿)
2

+ (𝑋𝑄 + 𝑋𝑉𝐿)
2

=
4𝑅𝑄𝑅

[𝑅𝑄 + 𝑅]
2

+ [𝐻(𝑅𝑄) − 𝑋]
2 

(2.8) 

During the optimization process, we target a flat gain level 𝑇0 to minimize the error 

function 𝜀(𝜔) = 𝑇(𝜔) − 𝑇0 over the frequency band of interest. The ideal solution is 

the unity 𝑇𝑃𝐺 (i.e., 𝑇(𝜔) = 1) over the passband, which yields 𝑅𝑄(𝜔) = 𝑅(𝜔) and 

𝑋𝑄(𝜔) = −𝑋𝐿𝑉 = 𝑋(𝜔) as desired. As 𝑇(𝜔) deviates from unity gain, the trace of line 

segment model shifts from the original data. Therefore, we say that “quality of 

immittance modelling” is measured by means of the transducer power gain of the 

virtual matching problem. During the optimization process, the error function may be 

expressed in terms of the unknown break points as 

𝜀(𝜔) = 𝑇(𝜔) − 𝑇0

=
4𝑅𝑄𝑅

[𝑅𝑄(𝜔) + 𝑅(𝜔)]
2

+ [∑ 𝛽𝑗(𝜔)∆𝑅𝑗
𝑁−1
𝑗=1 − 𝑋(𝜔)]

2 − 𝑇0 (2.9a) 

or equivalently, 

𝜀(𝜔) = 4𝑅𝑄𝑅 − 𝑇0 {[𝑅𝑄(𝜔) + 𝑅(𝜔)]
2

+ [∑ 𝛽𝑗(𝜔)∆𝑅𝑗

𝑁−1

𝑗=1

) − 𝑋(𝜔)]

2

} (2.9b) 

In (2.9), 𝑅(𝜔) and 𝑋(𝜔) are the augmented immittance data to be modelled. 𝑅𝑄(𝜔) is 

a line between the endpoints (𝜔𝑗, 𝑅𝑗) and (𝜔𝑗+1, 𝑅𝑗+1) for 𝜔 ∈ [𝜔𝑗 , 𝜔𝑗+1] as in (2.4). 

It is noted that, the error expression given by (2.9a) is not an exact quadratic or convex 

function in terms of the unknowns 𝑅𝑖. On the other hand, at a fixed angular frequency 

point 𝜔𝑗, alternative error form of (2.9b) is convex; and, as described in Section 2.4, 

its dependence on the angular frequency can be eliminated by using the sum of square 

errors, designated by 𝜖, then it is minimized over the passband. In this regard, the 

numerical minimization process of (2.9b) is well behaved, and it is possible to hit the 
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global minimum of 𝜖 with good initials. In fact, in subsection 2.4, we cover a reliable 

initialization method to kick the minimization process, which yields the “best solution 

for the break points with the highest value of the minimum of the passband gain” as 

shown in Figure 2.7. Based on the last statement, the following sub-section is presented 

to assess the numerical gain bandwidth limitation of the given immittance data. 

2.4.1 The best transducer power gain T(ω) 

Referring to Figure 2.6 and Figure 2.7, let 𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔) be the given 

immittance to be modelled as a realizable PR network function using the real 

frequency-line segment technique (RF-LST). Let 𝐾𝑄(𝑗𝜔) = 𝑅𝑄(𝜔) + 𝑗𝑋𝑄(𝜔) be the 

RF-LST based minimum Driving Point Input Immittance (DPI) in Darlington sense. 

Let 𝑇(𝜔) be the transducer power gain (𝑇𝑃𝐺) of the virtually matched system as 

specified by (2.8), which is optimized over the specified normalized angular frequency 

bandwidth 𝐵  such that 𝐵 = [𝜔𝑐2 − 𝜔𝑐1]. 
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 Selection of the best GBWL by sweeping 𝑇0(𝑘). 

Let 𝑇𝑚𝑖𝑛 be the minimum of 𝑇(𝜔) in 𝐵. Let 𝑇𝑚𝑎𝑥 be the maximum of 𝑇(𝜔) in 𝐵. Let 

𝑇𝑚𝑒𝑎𝑛 =
𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛

2
  be the mean value of 𝑇(𝜔) in 𝐵 and let ∆𝑇 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑒𝑎𝑛 =

𝑇𝑚𝑒𝑎𝑛 − 𝑇𝑚𝑖𝑛 be the gain fluctuation in 𝐵.  
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By trial and error, one can determine a flat gain level 𝑇0 in such a way that 𝑇𝑚𝑖𝑛 reaches 

to its maximum value in 𝐵 as depicted in Figure 2.7.  This state of 𝑇𝑃𝐺 is called the 

“RF-LST based Gain Bandwidth-Limitation, or in short “RFLST-GBWL” of the given 

complex immittance 𝐾(𝑗𝜔) over the specified bandwidth 𝐵. In this state, the mean 

value of the transducer power gain describes the average value of the power transfer 

with optimum fluctuations. In this state, 𝑇𝑃𝐺 may be expressed as 𝑇(𝜔) = 𝑇𝑚𝑒𝑎𝑛 ∓

∆𝑇. 

During the minimization process of (2.9), 𝑇0 may be swept starting from the flat gain 

level 𝑇0(1) = 0.60 upto to 𝑇0(𝑛𝑘) = 1.00 with small step sizes 𝛿𝑇. For example, 𝛿𝑇 

may be selected as 𝛿𝑇 = 0.05. In this case, we define an index 𝑘 in a loop to minimize 

the error function 𝜀(𝜔, 𝑇0(𝑘)) of (2.9) for a total number 𝑛𝑘 + 1 = 9 times. Then, at 

each step 𝑘, we store 𝐾𝑄(𝑗𝜔, 𝑘) = 𝑅𝑄(𝜔, 𝑘) + 𝑗𝑋𝑄(𝜔, 𝑘), 𝑇𝑚𝑖𝑛(𝑘), 𝑇𝑚𝑎𝑥 (𝑘), 

𝑇𝑚𝑒𝑎𝑛(𝑘), ∆𝑇(𝑘) 𝑇(𝜔, 𝑘) and 𝑇0(𝑘) to determine the optimum “𝑔𝑎𝑖𝑛 − 𝑠𝑡𝑎𝑡𝑒” 

yielding the “𝑅𝐹𝐿𝑆𝑇 𝑏𝑎𝑠𝑒𝑑 𝐺𝐵𝑊𝐿” of the complex termination 𝐾(𝑗𝜔) = 𝑅(𝜔) +

𝑗𝑋(𝜔) over 𝐵, which in turn results in the best realizable-DPI in the form of line 

segments or equivalently as sampled data points. 

For all the nonlinear optimization problems, initialization of the unknowns is always 

crucial. Therefore, in the next subsection we present a rule of thumb to initialize the 

unknown break points 𝑅𝑗 for the minimization of the error function 𝜀(𝜔, 𝑇0(𝑘)) for a 

fixed 𝑇0. 

2.4.2 Initialization of the nonlinear minimization process 

Before we introduce the optimization process, for a selected flat gain level 𝑇0 and the 

normalized break frequencies {𝜔1, 𝜔2, 𝜔3, … 𝜔𝑁}, the unknown break points 

{𝑅1, 𝑅2, 𝑅3, … 𝑅𝑁} must be initialized. In this regard, initialization of the break points 

can be performed using (2.8) by assuming reactance cancellation. In other words, to 

maximize 𝑇(𝜔) of (2.8), the reactance term (𝑋𝑄 − 𝑋) is set to zero to derive the initials 

break points 𝑅𝑖𝑛𝑡−𝑗 such that 

𝑇0 ≈
4𝑅𝑄𝑅

[𝑅𝑄 + 𝑅]
2 

(2.10a) 

or 
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𝑅𝑖𝑛𝑡−𝑗 = 𝑅(𝜔𝑗) [
2 − 𝑇0 + 2𝜇√1 − 𝑇0

𝑇0
] ≥ 0 (2.10b) 

In (2.10b), 𝜇 is a unimodular constant. It is set to 𝜇 = +1 for the high values of initials 

𝑅𝑖𝑛𝑡𝐻−𝑗 or it is selected as  𝜇 = −1 for the low initials 𝑅𝑖𝑛𝑡𝐿−𝑗. One can run the 

optimization separately for both values of 𝜇 = ∓1, and selects the best solution which 

refers the value of 𝜇. Nevertheless, for many applications, we end up with similar 

results regardless of what 𝜇 is. 

2.4.3 Minimization of the error function: 𝜺(𝝎, 𝑹𝟏, 𝑹𝟐, … , 𝑹𝑵−𝟏) 

In this work, we prefer to minimize the sum of squared errors of (2.9) over the 

passband,  designated by 𝜖 such that  

𝜖 = ∑[𝜀(𝜔𝑟, 𝑅1, 𝑅2, 𝑅3, … , 𝑅𝑁−1)]2;    𝜔𝑐1 ≤  𝜔𝑟  ≤ 𝜔𝑐2

𝑁𝑠

𝑟=1

 (2.11) 

In (2.11), the integer 𝑁𝑠 is the total number of sampling points over the passband 𝐵 =

[𝜔𝑐2 − 𝜔𝑐1] subject to optimization. The normalized angular frequencies 𝜔𝑐1 is the 

low-end and 𝜔𝑐2 is the high-end of the frequency band. Thus, the unknown break 

points 𝑥 = {𝑅1, 𝑅2, 𝑅3, … , 𝑅𝑁−1} are determined to minimize the sum of squares error 

𝜖. Minimization is performed using the Levenberg-Marquardt algorithm [67-69]. 

During minimization of sum of squared errors, the first break point 𝑅1 may be kept 

constant as it is initialized. This constant value may be zero for bandpass problems 

(i.e., 𝑅1 = 0 ) or it may be included among the unknown break points. At the end of 

the minimization process, the realizable-driving point input immittance 𝐾𝑄(𝑗𝜔) =

𝑅𝑄(𝜔) + 𝑗𝑋𝑄(𝜔) is obtained which is the optimum possible line-segment model for 

the measured immittance data 𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔).  

Thus, we propose the following algorithm to assess the GBWL of the given immittance 

data. In the algorithm, the virtual matching problem of Figure 2.6 is considered, and 

its virtual gain is optimized. This process is called the “Virtual Gain Optimization” or 

in short “VGO”. 
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Algorithm 2.2: Determination of the GBWL of measured immittance data via VGO 

Inputs:  

𝐹𝐴: Actual frequency array which samples the immittance data to be modelled up to a 

point where the real part 𝑅𝐴(𝑓𝑁𝑎) practically vanishes. It is specified as a vector 𝐹𝐴 =

[𝑓1𝑎  𝑓2𝑎 … 𝑓𝑁𝑎]. Note that it would be preferable to select 𝑓1 at DC  (i.e., 𝑓1 = 0 ) by 

extrapolating the measured immittance data. 

𝑅𝐴: Measured real part of the immittance data. It is an array of the same size as 𝐹𝐴. It 

is specified as a vector 𝑅𝐴 = [𝑅1𝑎  𝑅2𝑎 … 𝑅𝑁𝑎] (i.e. 𝑅𝐴 includes all the break points) 

with 𝑅𝑁𝑎 = 0. 

𝑋𝐴: Measured imaginary part of the immittance data. It is an array of the same size as 

𝐹𝐴. it is specified as a vector 𝑋𝐴 = [𝑋1𝑎  𝑋2𝑎 … 𝑋𝑁𝑎]. Most probably, at 𝐷𝐶, 𝑋1𝑎 = 0 

for passive immittance data. 

𝑅0: Normalization resistance. It may be selected as standard termination 50Ω. 

𝐹0: Normalization frequency. It may be selected at the high end of the passband such 

that 𝐹0 = 𝐹(𝑁−1)𝑎 where 𝑅(𝑁−1)𝑎 > 0 with 𝑅𝑁 = 0 at 𝐹𝑁𝑎. 

𝜔𝐶1: Low-end of the passband (𝜔𝐶1 ≥ 0). 

𝜔𝐶2: High-end of the passband (𝜔𝐶2 > 𝜔𝐶1). 

𝜔𝑠1: Low-end of the stop band. 

𝜔𝑠2: High-end of the stop band. 

𝑁: Total number of break points [𝑅1, 𝑅2, 𝑅3, … , 𝑅𝑁−1 𝑅𝑁] and break frequencies 

𝑊𝐵𝑅 = [𝜔1 𝜔2 𝜔3 … 𝜔𝑁−1 𝜔𝑁]. 

𝐾𝐹𝑙𝑎𝑔: This “integer” indicates if 𝑇𝑃𝐺 is described in terms of impedances or 

admittances.  

• If 𝐾𝐹𝑙𝑎𝑔 = 1, 𝑇𝑃𝐺 is impedance based.  

• If 𝐾𝐹𝑙𝑎𝑔 = 0, 𝑇𝑃𝐺 is admittance based.  

𝑅𝐵1: Initial value of the first break point. Note that one may select 𝑅𝐵1 = 0 for 

bandpass problems. 
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𝑛𝑡𝑟: Decide whether 𝑅𝐵1 ≥ 0 is included among the unknowns or not.  

• Choose 𝑛𝑡𝑟 = 1 if 𝑅𝐵1 is among the unknowns; 

• otherwise set 𝑛𝑡𝑟 = 0.  

𝑇01 and 𝑇02: Beginning and end levels of the flat gain 𝑇0(𝑘) subject to optimization. 

Note that in our programs we set 𝑇01 = 0.6 and  𝑇02 = 1. The reason for these choices 

is that, if 𝑇𝑃𝐺 is less than that of 𝑇(𝜔) < 0.5 (i.e.  𝑇(𝜔) is less than -3dB), more than 

half of the available power is reflected back to the generator. In this case, termination 

immittance may be considered as “no good”. In this case, the designer should seek a 

better power transistor.  

𝛿𝑇: Incremental step size to sweep the flat gain 𝑇0(𝑘) from 𝑇01 to 𝑇02.  

For our program, we select 𝛿𝑇 = 0.05.  Therefore, the index runs from 1 to 𝑛𝑘 + 1 

where 𝑛𝑘 =
(𝑇02−𝑇01)

𝛿𝑇
= 8. 

𝜇 (or 𝑠𝑖𝑔𝑛): It is a unimodular constant. Decide whether you wish to work with high 

or low values of initial break points.  

• Choose 𝜇 = +1 for high value 

• or set it to 𝜇 = −1 for low value of initial break points. 

Computational Steps: Generation of the error function 

Step 1: Augment and normalize the given data points with respect to 𝑅0 and 𝐹0 as in 

Algorithm 2.1.  

In this step, normalized complex immittance termination  𝐾𝐿𝐴 = (𝑅𝐴 + 𝑗𝑋𝐴)/𝑅0 is 

designated by its real part 𝑅𝐿𝐴 = 𝑅𝐴/𝑅0 and its imaginary part 𝑋𝐿𝐴 = 𝑋𝐴/𝑅0 such 

that 𝐾𝐿𝐴 = 𝑅𝐿𝐴 + 𝑗𝑋𝐿𝐴 is a complex array. Its corresponding normalized break 

frequencies are designated by an array 𝑊𝐿𝐴 which includes augmented and 

normalized sampling frequencies such that 𝑊𝐿𝐴 = [𝜔𝑠1 (𝐹𝐴/𝐹0) 𝜔𝑠2] with, perhaps 

𝜔𝑠1 = 0 and 𝜔𝑠2 = 𝑙 × 𝜔𝑐2 where 𝑙 is an integer and it may be selected as  1 < 𝑙 ≤ 3.   

Step 2: Generation of break frequencies 𝑊𝐵𝑅 for the unknown break points. 

• Set the first break frequency as  𝑊𝐵𝑅(1) = 𝑊1 = 𝜔𝑆1 ≥ 0. 

• Set the last break frequency as 𝑊𝐵𝑅(𝑁) = 𝑊𝑁 = 𝜔𝑆2. 



26 

• Distribute the remaining break frequencies between 𝜔𝐶1 and 𝜔𝐶2, perhaps 

uniformly. 

Step 3: For a selected flat gain level 𝑇0(𝑘), generate the initials for the break points as 

in (2.10) such that 

𝜔𝑗 = 𝑊𝐵𝑅(𝑗) 

𝑅𝑗 = 𝑅𝑖𝑛𝑡−𝑗 = 𝑅𝐿𝐴(𝜔𝑗) [
2 − 𝑇0(𝑘) + 2𝜇√1 − 𝑇0(𝑘)

𝑇0
] ≥ 0;  

 𝑗 = 1,2,3, … , 𝑁 − 1 

Note that 𝑅𝑁 is fixed at zero (i.e., 𝑅𝑁 = 0). 

Step 4: Generate the imaginary part 𝑋𝑄(𝜔) of the minimum function 𝐾𝑄(𝑗𝜔) as an 

array 𝑋𝑄𝐴 from 𝑅𝑄𝐴 using (2.5). Where 𝑅𝑄𝐴 is an array which includes the all the 

unknown break points as they are initialized under 𝑅𝑄𝐴 = [𝑅1 𝑅2 𝑅3… 𝑅𝑁].  

Step 5: Generate virtual 𝑇𝑃𝐺 as in (2.8) such that 

𝑇(𝜔) =
4𝑅𝑄(𝜔)𝑅(𝜔)

[𝑅𝑄(𝜔) + 𝑅𝐿(𝜔)]
2

+ [𝑋𝑄(𝜔) − 𝑋𝐿(𝜔)]
2 ;   𝜔𝑐1 ≤ 𝜔 ≤ 𝜔𝑐2 

In this step, at any point  𝜔 = 𝜔𝑖,  values of 𝑅𝑄(𝜔), 𝑅(𝜔), 𝑋𝑄(𝜔) and 𝑋(𝜔) are 

computed via linear interpolation. 

Step 6: Generate the error function 𝜀(𝜔𝑖, [𝑅1 𝑅2 𝑅3… 𝑅𝑁], 𝑇0(𝑘)) = 𝑇(𝜔) − 𝑇0(𝑘) 

over the sampling points 𝜔𝑖 in the passband. 

Step 7: Combine Step 2 through Step 6 with a nonlinear optimizer to determine the 

unknown break points 𝑋 = [𝑅1 𝑅2 𝑅3… 𝑅𝑁].  

Step 8: Sweeping the flat gain level from 𝑇01 = 0.6 to 𝑇02 = 1.0, repeat Step 2 through 

Step 7 for each flat gain levels 𝑇0(𝑘) and at the end of the minimization process, store 

the following quantities. 

• 𝑇_𝑚𝑖𝑛(𝑘) = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑜𝑓 𝑇𝑃𝐺 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑎𝑠𝑠𝑏𝑎𝑛𝑑. 

• 𝑇_𝑚𝑎𝑥(𝑘) = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑓 𝑇𝑃𝐺 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑎𝑠𝑠𝑏𝑎𝑛𝑑. 

• 𝑇_𝑚𝑒𝑎𝑛(𝑘) = (𝑇_𝑚𝑎𝑥 + 𝑇_𝑚𝑖𝑛)/2. 

• 𝑇𝑃𝐺𝐴(: , 𝑘) 𝑣𝑒𝑟𝑠𝑢𝑠 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. 
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• 𝑅𝑄𝐴(: , 𝑘) 𝑣𝑒𝑟𝑠𝑢𝑠 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. 

• 𝑋𝑄𝐴(: , 𝑘) 𝑣𝑒𝑟𝑠𝑢𝑠 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. 

Step 9: Find the best solution to determine the gain-bandwidth limitation for the 

measured immittance data by generating the maximum value of the minimum gain 

𝑇𝑚𝑖𝑛 = 𝑚𝑎𝑥(𝑇_𝑚𝑖𝑛(𝑘)) in the passband. 

-end of the algorithm- 

At this point, it is important to re-emphasize that the error function of (2.9b) is a convex 

function of the unknown break points 𝑅𝑖, regardless it’s total numbers. Therefore, 

Algorithm 2.2 always hits the global minimum of the error function, which in turn 

yields the best solution for the selected flat gain level 𝑇0 over the specified bandwidth. 

Thus, we say that RF-LST never requires to select a circuit topology nor an analytic 

form of a transfer function to optimize the transducer power gain of the matched 

structure under consideration. Hence, the ultimate gain-bandwidth limitation of the 

given source and load-pull impedances are automatically determined. Eventually, 

optimum-realizable source/load impedances are obtained as the output of Algorithm 

2.2. 

Now let us implement the above algorithm to generate the gain bandwidth limitations 

of the source and the load-pull impedances for the 𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑_𝐶𝐺2𝐻40045  𝐺𝑎𝑁 

power transistor. 

 Gain Bandwidth Limitation of the Source-Pull Impedance for Wolfspeed 

CG2H40045 GaN Transistor 

In this section, we will investigate the “power-intake” capability of the 

𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑 𝐶𝐺𝐻240045  𝐺𝑎𝑁 transistor at its input [44]. Transistor is driven by a 

generator with 𝑅0 = 50Ω internal resistance. The given source-pull impedance is 

approximated as the driving-point back-end impedance of a lossless two-port [E] when 

it is terminated in the complex-conjugate of the given source pull immittance as in 

Figure 2.5a. In this regard, it is desired to determine the gain-bandwidth limitation of 

the given source-pull impedance as detailed in Algorithm 2.2. The given/augmented 

and the normalized source-pull impedances are depicted in Figure 2.5a. User defined 

passband is specified over 𝑓𝐶1 = 800𝑀𝐻𝑧 and 𝑓𝑐2 = 3.8 𝐺𝐻𝑧. In this case, we select 
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the normalizing frequency at 𝐹0 = 3.8 𝐺𝐻𝑧. The real part of the given source-pull 

impedance is augmented at DC (i.e., 𝑓 = 0) as 𝑅𝑆𝐴(1) = 5𝛺 and 𝑅𝑆𝐴(𝑁) = 0𝛺. 

Similarly, the given imaginary part 𝑋𝑆𝐴 is augmented as 𝑋𝑆𝐴(1) = 0 at 𝐷𝐶 

(𝑖. 𝑒. 𝑤𝑠1 = 0) and the end point is augmented at 6 GHz as 𝑋𝑆𝐴(𝑁) = −25𝛺. The 

GBWL of the virtual matching problem of Figure 2.5a is numerically assessed via RF-

LST employing the above algorithm. Inputs to the algorithm are summarized as 

follows. 

𝜔𝐶1 =
0.8

𝐹0
= 0.2105;  𝜔𝐶2 =

3.8 𝐺𝐻𝑧

𝐹0
= 1; 𝜔𝑠1 = 0.18; 𝜔𝑠2 = 1.2. We have selected 

𝑁 = 21 break points with 19 unknowns. 

In the optimization process, we prefer to work with impedances. Therefore, 𝐾𝐹𝑙𝑎𝑔 is 

set to 1 (i.e., 𝐾𝐹𝑙𝑎𝑔 = 1). Furthermore, 𝑛𝑡𝑟 = 0 with fixed 𝑅𝐵1 = 0 located at DC, 

since we deal with a bandpass single matching problem. Flat gain levels are swept 

between 𝑇01 = 0.6 and 𝑇02 = 1.0 with 𝛿𝑇 = 0.05 incremental steps. Therefore, we 

define the total number of 9 flat gain levels starting from 𝑇0(1) = 0.6 up to 𝑇0(9) =

1.0. Eventually, we start the optimization with low initials. Therefore, 𝜇 = −1 is 

selected.  

Execution of Algorithm 2.2 results in the RF-LST based Gain Bandwidth Limitation 

of the measured and augmented source pull impedance. It is noted that total execution 

time on MatLab is about 10.2 seconds on an i7 processor computer with 32GB RAM. 

Results of the sequential optimization of 𝑇𝑃𝐺 are summarized as in Table 2.1 and 

depicted as in Figure 2.8 [70].  

 GBWL of SP impedance of Wolfspeed CG2H40045 power transistor. 

𝑇0(𝑘) 𝑇𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥[𝐺𝐻𝑧] 𝑇𝑚𝑎𝑥 𝐹𝑚𝑖𝑛[𝐺𝐻𝑧] 𝑇𝑚𝑖𝑛 ∆𝑇 

0.6000 

0.6500 

0.7000 

0.7500 

0.8000 

0.8500 

0.9000 

0.9500 

1.0000 

0.5992 

0.6507 

0.6690 

0.6772 

0.6863 

0.6982 

0.7135 

0.7355 

0.7331 

3.7930 

0.8419 

3.6840 

3.6879 

3.6957 

3.6996 

3.6996 

3.7035 

3.7074 

0.6199 

0.6624 

0.7254 

0.7651 

0.7926 

0.8155 

0.8370 

0.8610 

0.8776 

1.1339 

1.1261 

3.7852 

3.7813 

3.7774 

3.7735 

3.7697 

3.5049 

3.7658 

0.5786 

0.6390 

0.6127 

0.5892 

0.5801 

0.5809 

0.5900 

0.6101 

0.5886 

0.0206 

0.0117 

0.0564 

0.0880 

0.1062 

0.1173 

0.1235 

0.1254 

0.1445 
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 GBWL by sweeping 𝑇0(𝑘) obtained for the source-pull data. For 𝑘 = 7, 

𝑇0(𝑘) = 0.65 yields the best solution. 

The RF-LST based Gain Bandwidth Limitation appears to be at max (𝑇𝑚𝑖𝑛) = 0.6390 

with loop index 𝑘 = 2, or equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.6507 ∓ 0.0117. Optimized break 

points 𝑅𝑄𝐿𝑆𝑇−𝑆𝑃 and its corresponding Hilbert Transform 𝑋𝑄𝐿𝑆𝑇−𝑆𝑃 is depicted in 

Figure 2.9a and Figure 2.9b respectively. 

Manufacturer’s published source pull impedance data and the best RF-LST based 

optimized source impedance 𝑍𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝑗𝜔) = 𝑅𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝜔) + 𝑗𝑋𝑆(𝑅𝐹−𝐿𝑆𝑇))(𝜔) are 

shown in Figure 2.10. 

Close examination of Figure 2.10 indicates that, while the imaginary parts are in good 

agreement, unfortunately, the real part 𝑅𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝜔) of the “best realizable source 

impedance” significantly deviates from the measured data. That is the reason of the 

gain degradation from its ideal value 1 down to 0.65. 

Referring to Table 2.1 and Figure 2.8, it is predicted that 65.07% of the available power 

of the generator is transferable to the input of the power transistor 𝐶𝐺2𝐻40045. In 

other words, GBWL of the optimum realizable source pull impedance is 𝑇𝑚𝑒𝑎𝑛 =

0.6507 with optimum fluctuation of ∆𝑇 = ∓0.0117. 
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(a). Optimized real parts 𝑅𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) of the RF-LST based source 

 

(b).Optimized imaginary parts 𝑋𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) of the RF-LST based source 

impedance. 

 Optimized minimum  𝑍𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝑗𝜔) for 𝑘 = 1,2, . . ,9. 
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(a). The best RF-LST Based real part 𝑅𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝜔) of the realizable SP impedance 

𝑍𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝑗𝜔) = 𝑅𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝜔) + 𝑗𝑋𝑆(𝑅𝐹−𝐿𝑆𝑇))(𝜔), obtained for 𝑇0(𝑘) = 0.65. 

 

(b).  Imaginary part 𝑋𝑆(𝑅𝐹−𝐿𝑆𝑇)(𝜔), obtained for 𝑇0𝑘 = 0.65. 

 Real and imaginary parts of the original and the RF-LST based source-

pull impedance. 

Let us now investigate the output power delivering capacity of the same transistor 

using the load-pull measured impedance data in the following section. In this regard, 

it is desired to determine the gain-bandwidth limitation of the optimum load-pull 

impedance as detailed in Algorithm 2.2. The measured/augmented and the normalized 

load-pull impedances are depicted in Figure 2.5b. 
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For the sake of further clarification, it is noted that Figure 2.10 and Figure 2.13 

compare the outcome of the RF-LST based “best-realizable impedance data pair” with 

that of the measured source and load-pull impedances respectively. Clearly, the 

mismatch between the real and imaginary parts of the RF-LST based solutions and the 

measured source/load-pull impedance data, reflects the performance degradation, 

which in turn reflects in GBWL of the power amplifier under consideration as depicted 

in Figure 2.8 and Figur 2.11 respectively. 

 Gain Bandwidth Limitation of the Load-Pull Impedance for Wolfspeed 

CG2H40045 GaN Transistor 

In this section, we will investigate the power delivering capability of the 

𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑 𝐶𝐺2𝐻40045  𝐺𝑎𝑁 transistor at its output-port [44]. Here, we assumed 

that the transistor is terminated in its modelled-realizable optimum load-pull 

impedance over the output matching network (OMN) while the other end of OMN is 

terminated in 𝑅0 = 50𝛺. The measured load-pull impedance is approximated as the 

driving-point backend impedance of a lossless two-port [E] when it is terminated in 

the complex-conjugate of the load-pull immittance as in Figure 2.5b. 

As in the source-pull gain-bandwidth limitation computations, user defined passband 

is specified over 𝑓𝐶1 = 800 𝑀𝐻𝑧 and 𝑓𝑐2 = 3.8 𝐺𝐻𝑧. Therefore, we again set 𝐹0 =

3.8 𝐺𝐻𝑧. The real part of the measured load-pull impedance is augmented at DC (i.e., 

𝑓 = 0) as 𝑅𝐿𝑃𝐴(1) = 20𝛺 and 𝑅𝐿𝑃𝐴(𝑁) = 0𝛺. Similarly, the measured imaginary 

part 𝑋𝐿𝑃𝐴 is augmented as 𝑋𝐿𝑃𝐴(1) = 0 at 𝐷𝐶 (𝑖. 𝑒. 𝑤𝑠1 = 0) and the end point is 

augmented at 6 GHz as 𝑋𝐿𝑃𝐴(𝑁) = −20𝛺. 

The GBWL of the virtual matching problem of Figure 2.5b is numerically assessed via 

RF-LST employing Algorithm 2.2 Inputs to the algorithm is summarized as follows.  

𝜔𝐶1 =
0.8

𝐹0
= 0.2105;  𝜔𝐶2 =

3.8 𝐺𝐻𝑧

𝐹0
= 1; 𝜔𝑠1 = 0.18; 𝜔𝑠2 = 1.1. We have selected 

𝑁 = 21 break points with 19 unknowns. In the optimization, we prefer to work with 

impedances (i.e., 𝐾𝐹𝑙𝑎𝑔 = 1). Furthermore, 𝑛𝑡𝑟 = 0 with fixed 𝑅𝐵1 = 0 which is 

located at DC, since we deal with a bandpass single matching problem. The flat gain 

levels are swept between 𝑇01 = 0.6 and 𝑇02 = 1.0 with 𝛿𝑇 = 0.05 increamental 

steps. Therefore, we define the total number of 9 flat gain levels starting from 𝑇0(1) =

0.6 up to 𝑇0(9) = 1.0. Eventually, we start the optimization with low initials. 
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Therefore, 𝜇 = −1 is selected. Execution of Algorithm results in the RF-LST based 

Gain Bandwidth Limitation of the load-pull impedance. The result of optimization is 

summarized as in Table 2.2 and depicted as in Figure 2.11. It is noted that total 

execution time on MatLab is about 3.6 seconds on an i7 processor computer with 

32GB RAM [70]. 

 GBWL of LP impedance of Wolfspeed CG2H40045 power transistor. 

𝑇0(𝑘) 𝑇𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥[𝐺𝐻𝑧] 𝑇𝑚𝑎𝑥 𝐹𝑚𝑖𝑛[𝐺𝐻𝑧] 𝑇𝑚𝑖𝑛 ∆𝑇 

0.6000 

0.6500 

0.7000 

0.7500 

0.8000 

0.8500 

0.9000 

0.9500 

1.0000 

0.5992 

0.6487 

0.6982 

0.7479 

0.7977 

0.8478 

0.8980 

0.9478 

0.9557 

1.0426 

1.0426 

1.0426 

1.0391 

1.0391 

1.0391 

1.0391 

3.6776 

3.6389 

0.6133 

0.6639 

0.7143 

0.7646 

0.8146 

0.8642 

0.9130 

0.9628 

0.9952 

1.1339 

1.1339 

1.1339 

1.1339 

1.1339 

1.1339 

1.1339 

1.1339 

1.1339 

0.5851 

0.6335 

0.6821 

0.7312 

0.7809 

0.8313 

0.8829 

0.9328 

0.9162 

0.0141 

0.0152 

0.0161 

0.0167 

0.0169 

0.0165 

0.0151 

0.0150 

0.0395 

 

 

 GBWL of LP by sweeping 𝑇0(𝑘). 

The RF-LST based Gain Bandwidth Limitation appears to be at max (𝑇𝑚𝑖𝑛) = 0.9328 

or equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.9478 ∓ 0.015 with corresponding loop index 𝑘 = 8 

which corresponds to 𝑇0𝑘 = 0.95.  

 Optimized break points 𝑅𝐿(𝑅𝐹−𝐿𝑆𝑇) and its corresponding Hilbert Transform 

𝑋𝐿(𝑅𝐹−𝐿𝑆𝑇) is depicted in Figure 2.12a and Figure 2.12b respectively. 
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(a) Optimized real parts 𝑅𝐿(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) of the RF-LST based load impedance 

 

(b). Optimized imaginary parts 𝑋𝐿(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) of the RF-LST based load 

impedance. 

 Optimized minimum 𝑍𝐿(𝑅𝐹−𝐿𝑆𝑇)(𝑗𝜔) for 𝑘 = 1,2, . . ,9. 

Real and imaginary parts of the measured load pull impedance and its analytic model 

𝑍𝐿(𝑗𝜔) = 𝑅𝐿(𝜔) + 𝑗𝑋𝐿(𝜔) are given in Figure 2.13a and Figure 2.13b respectively. 
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(a) The real part 𝑅𝐿𝑃(𝜔) of the load pull impedance 𝑍𝐿𝑃(𝑗𝜔) and its best fit  

𝑅𝐿(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) for 𝑘 = 8 via RF-LST based VGO. 

 

(b). The imaginary part 𝑋𝐿𝑃(𝜔) of the load pull 𝑍𝐿𝑃(𝑗𝜔) and its best fit 

𝑋𝐿(𝑅𝐹−𝐿𝑆𝑇)(𝑘, 𝜔) via RF-LST based VGO. 

 Real and imaginary parts of the original and the RF-LST based load-

pull impedance. 

Referring to Table 2.2 and Figure 2.11, it is predicted that 94.78% of the output power 

is delivered to the load-pull impedance of the power transistor 𝐶𝐺2𝐻40045. In other 

words, GBWL of the optimum realizable load-pull impedance is 𝑇𝑚𝑒𝑎𝑛 = 0.9478 with 

optimum fluctuation of ∆𝑇 = ∓0.015. 
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Figure 2.13 indicates that the best realizable load model is in good agreement with that 

the measured load-pull data yielding 94.78% power transfer. 

At this point it would be appropriate to define the power-intake and power-delivering 

performance of an active device since its optimum-realizable RFT based source and 

load impedances refer to the ac-power absorption and power delivery capacity. 

 Power Performance Product of an Active Device 

Considering the results of Section 2.5 and Section 2.6, we can define a new quantity 

called “Average Power Performance Product (𝑃𝑃𝑃)𝑚𝑒𝑎𝑛” of a power transistor such 

that 

(𝑃𝑃𝑃)𝑚𝑒𝑎𝑛 = [𝐺𝐵𝑊𝐿]𝑆𝑃 × [𝐺𝐵𝑊𝐿]𝐿𝑃 (2.12a) 

where [𝐺𝐵𝑊𝐿]𝑆𝑃 is the gain bandwidth limitation of the measured source-pull 

impedance and [𝐺𝐵𝑊𝐿]𝐿𝑃 is the gain bandwidth limitation of the measured load-pull 

impedance respectively. Thus, we can say that maximum power performance product 

(𝑃𝑃𝑃)𝑚𝑎𝑥 of an active device cannot exceed 

(𝑃𝑃𝑃)𝑚𝑎𝑥 = [𝑇𝑚𝑎𝑥]𝑆𝑃 × [𝑇𝑚𝑎𝑥]𝐿𝑃 (2.12b) 

where [𝑇𝑚𝑎𝑥]𝑆𝑃 and [𝑇𝑚𝑎𝑥]𝐿𝑃 the values of the maximum pass band gains which 

corresponds to [𝐺𝐵𝑊𝐿]𝑆𝑃 and [𝐺𝐵𝑊𝐿]𝐿𝑃 respectively. 

By Table 2.1 and Table 2.2, for Wolfspeed CG2H40045, (𝑃𝑃𝑃)𝑚𝑒𝑎𝑛 = 0.6507 ×

0.9478 = 0.6167 (i.e., ~61.7%) and (𝑃𝑃𝑃)𝑚𝑎𝑥 = 0.6624 × 0.9628 = 0.6378 =

63.8%. 

It is noted that 𝑃𝑃𝑃 of the amplifier varies 0% ≤ 𝑃𝑃𝑃 ≤ 100%. 𝑃𝑃𝑃 = 100% 

corresponds to perfect match at the input and the output of the amplifier. In this case, 

matching networks exactly transforms the source-pull and the load-pull impedance 

data to 50Ω terminations meaning that, the selection of the power transistor is excellent 

to be utilized. However, if 𝑃𝑃𝑃 deviates from 100%, mismatch is introduced by either 

IMN or OMN or for both. As designers, we do not wish to use any transistor, whose 

power-intake and power-delivery capacity is less than 50%, or equivalently if 

(𝑃𝑃𝑃)𝑚𝑒𝑎𝑛 < 25%. Hence, 𝑃𝑃𝑃 can be the utilized as a figure of merit to decide 
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whether  the active device is worth using to design the power amplifier under 

discussion. 

 Construction of the Power Amplifier from the Analytic Models Built on the 

Optimum-Realizable RF-LST Based Source/Load Impedance Data  

Once GBWL are determined for the given source and load-pull impedance data via 

RF-LST, resulting optimum-realizable source and load impedances of Figure 2.10 and 

Figure 2.13 are modelled as positive real functions as described in [50]. In this regard, 

the analytic form of the real part 𝑅𝑆(𝐿)(𝜔2) of the optimum source (or load) impedance, 

designated by 𝑍𝑆(𝐿)(𝑗𝜔) = 𝑅𝑆(𝐿)(𝜔) + 𝑗𝑋𝑆(𝐿)(𝜔), is given by 

𝑅𝑆(𝐿)(𝜔2) =
𝜔2𝑛𝑑𝑐𝑎𝑆(𝐿)0

2

𝐵𝑆(𝐿)(𝜔2)
 (2.13a) 

In (2.13a), the strictly positive denominator polynomial 𝐵𝑆(𝐿)(𝜔2) is defined by means 

of an auxiliary full polynomial 𝑐𝑆(𝑜𝑟𝐿)(𝜔) such that 

𝐵𝑆(𝐿)(𝜔2) =
1

2
[𝑐𝑆(𝐿)

2 (𝜔) + 𝑐𝑆(𝐿)
2 (−𝜔)] > 0; ∀𝜔 (2.13b) 

𝑐𝑆(𝐿)(𝜔) = 𝑐1𝑆(𝐿)𝜔𝑛 + 𝑐2𝑆(𝐿)𝜔𝑛−1 + ⋯ + 𝑐𝑛𝑆(𝐿)𝜔 + 1;   

𝑐𝑖 ≠ 0; 𝑖 = 1,2, … , 𝑛 
(2.13c) 

In the above equations, the real part 𝑅𝑆(𝐿)(𝜔2) dictates the topology for IMN (or 

OMN). The integer 𝑛 refers to the total number of circuit elements in the matching 

network under consideration. The integer 𝑛𝑑𝑐 is the total count of the transmission 

zeros placed at DC (i.e., 𝜔 = 0) and they appear as either series capacitors or shunt 

inductors. In this case, total number of transmission zeros at infinity is specified by 

𝑛∞ = 𝑛 − 𝑛𝑑𝑐, and they are realized as series inductors and shunt capacitors. The 

optimum-realizable analytic form for the source impedance 𝑍𝑆(𝑝) (or the load 

impedance 𝑍𝐿(p) ) is derived using the parametric approach [71]. Skipping the details, 

for selected 𝑛 = 6, 𝑛𝑑𝑐 = 2, the modelled optimum source and load impedances are 

found as follows.  
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𝑎𝑠0 = 3.3 

𝑐𝑆(𝜔) = −39.6𝑝6 + 10.8𝑝5 + 56𝑝4 − 4.13𝑝3 − 16.5𝑝2 − 2.45𝑝 + 1 

𝑍𝑆(𝑝) =
4.5𝑝5 + 3.5𝑝4 + 5.5𝑝3 + 1.6𝑝2 + 0.5𝑝

56𝑝6 +  43𝑝5 + 90𝑝4 + 38𝑝3 + 27𝑝2 + 3𝑝 + 1
 

 

and 

𝑎𝐿0 = 11.1 

𝑐𝐿(𝜔) = 27𝑝6 − 13.4𝑝5 − 9.9𝑝4 − 18.2𝑝3 − 20.5𝑝2 − 6.11𝑝 + 1 

𝑍𝐿(𝑝) =
2.45𝑝5 + 6.5𝑝4 + 8.1𝑝3 + 5.2𝑝2 + 0.53𝑝

29.1𝑝6 +  77.3𝑝5 + 112𝑝4 + 103𝑝3 + 49𝑝2 + 8.8𝑝 + 1
 

 

Real and imaginary parts of the RF-LST based, and the modelled source and load pull 

impedances are depicted in Figure 2.14 and Figure 2.15 respectively. The quality of 

match for RF-LST based and analytically modelled impedances of source and load 

pair is given in Figure 2.16. 

 

 Fit between the RF-LST based and the analytic form of the source 

impedances. 
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 Fit between the RF-LST based and the analytic form of the load 

impedances. 

 

 Quality of fit comparison of RF-LST based and analytical impedance 

modelling. 

Results obtained using RF-LST based GBWLs of Figure 2.8 and Figure 2.11 are 

compared with those TPGs of the IMN and IMN separately as shown in Figure 2.16. 

Close examination of this figure indicates that, analytic and RF-LST based TPGs are 

in good agreement with a less than 1% mean squared error (MSE)  calculated for 𝑁 =

1000 sample points over the passband such that  

𝑀𝑆𝐸 =
1

𝑁
∑ (𝑇𝑃𝐺𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐(𝜔𝑖) − 𝑇𝑃𝐺(𝑅𝐹−𝐿𝑆𝑇)(𝜔𝑖))

2
𝑁

𝑖=1

 (2.14) 
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Using our high precision Darlington synthesis algorithm as applied on 𝑍𝑆(𝑝) and 

𝑍𝐿 (𝑝),  IMN and OMN are constructed as shown in Figure 2.17 [54]. 

R
L
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 Complete schematic of the power amplifier. 

The above amplifier given in Figure 2.17 is simulated using the commercially 

available S/W tool ADS [72]. Biasing conditions are set as 𝑉𝐷𝑆 = 28𝑉; 𝐼𝐷𝑄 = 800𝑚𝐴. 

Constant RF input drive power 𝑃𝑖𝑛 = 36𝑑𝐵𝑚 is applied over the simulation frequency 

band. Resulting simulation performance is given in Figure 2.18.  Close examination 

of Figure 2.18 reveals that, over the passband of 800 MHz-3.8 GHz, the average gain 

of the amplifier is TPG=11.38𝑑𝐵 ∓ 0.75 𝑑𝐵, the average output power is 𝑃𝑜𝑢𝑡 =

47.38 ∓ 0.75 𝑑𝐵𝑚 and the average power added efficiency 𝑃𝐴𝐸 = 64.57 ∓ 4.9. 

 

 Simulation results of the power amplifier. 
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 Conclusion 

An RF power amplifier design process starts with the characterization of the selected 

active device. The active device may be a 𝐺𝑎𝑁 power transistor. In this regard, the 

source/load pull impedances of the active device are generated to optimize the power 

added efficiency (PAE) as well as the transducer power gain (TPG) of the amplifier 

over the frequency band of interest. Eventually, based on generated source/load pull 

impedances, the input and the output matching networks of the power amplifier is 

designed. At this point, it is crucial to note that for many practical situations, the source 

and the load pull impedances placed on the Smith Chart, do not necessarily belong to 

realizable positive functions (PRF) over the entire frequency band. In this case, one 

must check if these impedances are realizable. If not, it is well known that power intake 

and power delivery performances of the active device are penalized heavily. In this 

regard, the designer must evaluate the power transistor properly to decide whether it 

is worth using it or not. Therefore, in this chapter, first, we introduced a novel 

numerical method to test the given source and load pull impedances if they are 

realizable to construct the input and the output matching networks. Then, we introduce 

a new numerical method to assess the “Gain-Bandwidth Limitations (GBWL)” of the 

given source and load pull impedances employing the real frequency line segment 

technique (RF-LST), which in turn results in the best-optimum and realizable source 

𝑍𝑆(𝑅𝐹−𝐿𝑆𝑇) and load 𝑍𝐿(𝑅𝐹−𝐿𝑆𝑇) impedance terminations point by point. In this context, 

gain bandwidth limitations of the given source and load pull impedances reveal the 

power-intake and the power delivery capacity of the selected active device 

respectively. The proposed numerical assessment method utilizes our newly developed 

robust “virtual gain optimization” tool called VGO.  VGO minimizes a convex error 

function by targeting its global minimum, which in turn yields the optimum-realizable 

source and load terminations of the nonlinear active device under consideration. Thus, 

ultimate power intake and power delivery capacity of the nonlinear active device is 

determined. Finally, a new definition is introduced to measure the power-intake and 

power delivery quality of an active device, so called “Power-Performance-Product (in 

short PPP or 3P) based on the (GBWL) of the given source/load pull impedances. 

Employing Wolfspeed’s CG2H40045 GaN transistor, we exhibit the implementation 

of the proposed immittance realizability test procedure step by step and the design of 

an “optimum performance power amplifier algorithm” using the real frequency line 
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segment technique over 0.8GHz − 3.8GHz bandwidth which ideally receives average 

of 65.07% of the available power of the resistive input excitation and delivers the 

94.78% of the transistor’s output power to a resistive load. 

Eventually, 𝑍𝑆(𝑅𝐹−𝐿𝑆𝑇) and 𝑍𝐿(𝑅𝐹−𝐿𝑆𝑇) are modelled as analytic PRFs. Then, they are 

synthesized as the input matching network (IMN) and the output matching network 

(OMN) to construct the power amplifier. It is exhibited that, analytic and RF-LST 

based transducer power gains of IMN and OMN are in good agreement with less than 

1% mean squared error. Thus, correctness of the RF-LST based solutions are verified. 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 A GAN MICROWAVE POWER AMPLIFIER DESIGN BASED ON THE 

SOURCE/LOAD PULL IMPEDANCE MODELLING VIA VIRTUAL GAIN 

OPTIMIZATION1 

 Introduction 

Generation of proper source/load pull impedances for a selected GaN device is 

essential to design a microwave power amplifier for optimum gain and power-added 

efficiency. As they are obtained, these impedances may not be realizable network 

functions over the desired frequency band. Therefore, in this chapter, first we applied 

our newly proposed realizability test method for the SP and LP imedances of a 10W-

GaN power transistor, namely “Wolfspeed CGH40010F” over 0.8-3.0 GHz bandwidth 

[44, 45]. Then, SP and LP impedances are modelled as realizable network functions, 

which in turn results in the optimum power intake and power delivering capacity for 

the GaN transistor used in the design. In the numerical modelling process, the robust 

tool called “Virtual Gain Optimization” is used. Numerically generated realizable 

source and load impedances are modelled analytically. Then, these impedances are 

synthesized using our automatic Darlington Synthesis Robot software to yield the 

optimum input and output matching network topologies with component values.  

Eventually, the power amplifier is designed and manufactured. It is shown that the 

computed and the measured performance of the amplifier is very close with 10 Watts 

output power, 11.4±0.6 dB gain and 49% to 76 % power added efficiency. 

For the sake of brevity,we do not repeat the detailed theoritical aspects of this chapter 

since they have been already presented in the previous chapter (Chapter 2). 

Therefore, in the following section, examples are given to test if a measured arbitrary 

immittance data and the source/load pull impedances obtained from the Wolfspeed’s 

CGH40010F 𝐺𝑎𝑁 power transistor, represent positive real functions (Section 3.2). In 

 

 
1 This chapter is based on the paper "Kilinc, S., Yarman, BS., and Ozoguz, S. (2022). "A GaN 

Microwave Power Amplifier Design Based on the Source/Load Pull Impedance Modeling via Virtual 

Gain Optimization," in IEEE Access, vol. 10, pp. 50677-50691, doi: 10.1109/ACCESS.2022.3174227". 
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section 3.3 and in Section 3.4, we specifically investigated the power intake/power 

delivery performance of the source and the load pull impedance data belongs to 

CGH40010F over 0.8-3GHz using the “Real Frequency-Line Segment Technique 

(RF-LST)” [63, 64, 73, 74]. During the numerical performance assessments process, 

we implemented the original tool called “Virtual Gain Optimization (VGO)”. In 

Section 3.5, we introduce a new method to generate an analytic model for the given 

realizable immittance data. For the sake of completeness, in Section 3.6, the parametric 

method to build analytic positive real functions is summarized. In Section 3.7, the 

proposed analytic model technique is employed to build the rational impedance forms 

for the optimum source and load pull data obtained via RF-LST. In Section 3.8, the 

designed and constructed power amplifier is presented. Finally, the chapter is 

concluded in Section 3.9. 

 Assesment of the Realizibility of the Source and the Load Pull Impedances 

Obtained from a GaN Power Transistor 

In this section, we investigate the positive realness of the measured optimum source 

and load-pull impedance data extracted from a 𝐺𝑎𝑁 power transistor. The selected 

transistor is a, CGH40010F from Wolfspeed Company with nominal 10 Watts output 

power [45].  As reported in [45], optimum source and load-pull impedance plots are 

shown in Figure 3.1 (Black Plots: Source Pull Impedance, Red Plots: Load Pull 

Impedance respectively).  

 

Figure 3.1 : Optimum source-pull and load-pull termination impedances. 
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As described in the previous chapter, we extrapolated the given data to cover the 

frequencies 𝐹1𝑎 = 0 (𝐷𝐶) and 𝐹𝑁𝑎 = 4 𝐺𝐻𝑧. At DC, we select  𝑅𝑆𝑃(1) = 25𝛺 and 

𝑋𝑆𝑃(1) = 0. At 4 𝐺𝐻𝑧, 𝑅𝑆𝑃(𝑁) = 0 and 𝑋𝑆𝑃(𝑁) = −13.6𝛺 are selected. Similarly, 

load-pull impedance data is augmented as 𝑅𝐿𝑃(1) = 61𝛺, 𝑅𝐿𝑃(𝑁) = 0𝛺 and 

𝑋𝐿𝑃(1) = 0, 𝑋𝐿𝑃(𝑁) = 11𝛺. 

Utilizing the proposed Algorithm, we extracted the Foster reactance functions for both 

Source-Pull (SP) and Load-Pull (LP) impedances. Results are depicted in Figure 3.2. 

Close examination of Figure 3.2a reveals that, up to 500 MHz, the extracted Foster 

reactance 𝑋𝐹𝑆𝑃(𝜔) is monotonically increasing (SP: Purple Plot). Then, it drastically 

falls. In this case, 𝑋𝐹𝑆𝑃(𝜔) behaves like a proper Foster reactance from 𝐷𝐶 to 

500 𝑀𝐻𝑧. In other words, it is possible to model the given immittance data from DC 

to 500MHz with an analytic positive real function which yields an exact fit (Perfect 

Match). Then, the data is no longer Foster function. On the other hand, computed 

Foster portion  𝑋𝐹𝐿𝑃 of the measured load pull impedance is good from DC up to 1.3 

GHz (Band-1). Between 1.3GHz and 2.8GHz (Band-2) it decreases. Therefore, the 

Band-2 region is no good; indicating that, one sacrifices gain and/or power added 

efficiency in this band. After 2.8GHz to 4GHz (Band-3), 𝑋𝐹𝐿𝑃 increases 

monotonically. Thus, we say that measured load pull impedance data behaves like a 

proper positive real function in Band-1 and Band-3 which leads to perfect power 

delivery performance. 

So far, what we have observed that, due to nonlinear behavior of the GaN transistor 

Wolfspeed CGH40010F, reported source and load-pull impedances are not realizable 

network functions over the frequency bands indicated above, even though they present 

positive real parts. However, they can be fitted to realizable network functions as much 

as possible, to construct the optimum front-end (input) and back-end (output) matching 

networks of the power amplifier by sacrificing the idealized gain and power added 

efficiency. This process leads us to the gain-bandwidth limitation of the active device 

under consideration.  
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(a) Foster Part of the source pull impedance data. 

 

(b) Foster Part of the load pull impedance data. 

Figure 3.2 : Extraction of the Foster Reactance from the source/load-pull 

impedances. 

Now, let us implement the above minimization process to predict the power intake and 

power delivery performance of the source and the load pull impedances for the 

Wolfspeed CGH40010F power transistor employing the real frequency line segment 

technique (RF-LST). 
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 The Power Intake Performance of a GaN Device 

In this section, we will investigate the “power-intake” capability of the Wolfspeed 

CGH40010F GaN  transistor at its input [45]. Transistor is driven by a resistive 

generator of 𝑅0 = 50 𝑂ℎ𝑚. The given source-pull impedance is approximated as the 

driving-point back-end impedance of a lossless two-port [E] when it is terminated in 

the complex-conjugate of the given source pull immittance as in Figure 3.1. In this 

regard, it is desired to determine the gain-bandwidth limitation of the given source-

pull impedance as detailed in the above section. The given/augmented and the 

normalized source-pull impedances are depicted in Figure 3.2a. User defined passband 

is specified over 𝑓𝐶1 = 800𝑀𝐻𝑧 and 𝑓𝑐2 = 3.0 𝐺𝐻𝑧. In this case, we select the 

normalizing frequency 𝐹0 at 3.0 𝐺𝐻𝑧. The real part of the given source-pull impedance 

is augmented at DC (i.e., 𝑓 = 0) as 𝑅𝑆𝐴(1) = 25𝛺 and 𝑅𝑆𝐴(𝑁) = 0𝛺. Similarly, the 

given imaginary part 𝑋𝑆𝐴 is augmented as 𝑋𝑆𝐴(1) = 0 at 𝐷𝐶 (𝑖. 𝑒. 𝑤𝑠1 = 0) and the 

end point is augmented at 4 GHz as 𝑋𝑆𝐴(𝑁) = −13.6𝛺. 

The GBWL of the virtual matching problem is numerically assessed via RF-LST 

employing the Algorithm 2.2 step by step in MatLab [70]. Inputs to the main program 

are summarized as follows. 

𝜔𝐶1 =
0.8

𝐹0
= 0.2667;  𝜔𝐶2 =

3 𝐺𝐻𝑧

𝐹0
= 1; 𝜔𝑠1 = 0; 𝜔𝑠2 =

4

𝐹0
= 1.333. We have 

selected 𝑁 = 21 break points with 19 unknowns. In the optimization process, we 

prefer to work with impedances. 𝑅𝐵1 = 0 is fixed at DC, since we deal with a 

bandpass single matching problem. Flat gain levels are swept between 0.6 and 1.0 with 

𝛿𝑇 = 0.05 incremental steps. Therefore, we define the total number of 9 flat gain 

levels. Eventually, we start the optimization with low initials by selecting  𝜇 = −1. 

Results of the sequential optimization of 𝑇𝑃𝐺 are summarized as in Table 3.1 and 

depicted as in Figure 3.3. The best performance appears for max (𝑇𝑚𝑖𝑛) = 0.8212 or 

equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.8745 ∓ 0.0532. Optimized break points 𝑅𝑄𝐿𝑆𝑇−𝑆 and its 

corresponding Hilbert Transform 𝑋𝑄𝐿𝑆𝑇−𝑆 are depicted in Figure 3.4a and Figure 3.4b 

respectively as compared with the manufacturer’s published source pull data. 
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Figure 3.3 : Power-intake performance of the 𝐺𝑎𝑁 device obtained by sweeping 

𝑇0(𝑘). 

Table 3.1 : Power-intake performance of the CGH40010F power transistor. 

𝑇0(𝑘) 𝑇𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥[𝐺𝐻𝑧] 𝑇𝑚𝑎𝑥 𝐹𝑚𝑖𝑛[𝐺𝐻𝑧] 𝑇𝑚𝑖𝑛 ∆𝑇 

0.6000 

0.6500 

0.7000 

0.7500 

0.8000 

0.8500 

0.9000 

0.9500 

1.0000 

0.5980 

0.6476 

0.6970 

0.7483 

0.7945 

0.8280 

0.8745 

0.8656 

0.8559 

1.4720 

1.4640 

1.4560 

2.2160 

2.3640 

2.9720 

2.4280 

2.9480 

2.9480 

0.6035 

0.6539 

0.7040 

0.7546 

0.8082 

0.8841 

0.9277 

0.9477 

0.9768 

1.4080 

1.5320 

1.5320 

2.2720 

2.2680 

2.3880 

0.8040 

0.8040 

0.8040 

0.5925 

0.6412 

0.6900 

0.7420 

0.7807 

0.7719 

0.8212 

0.7835 

0.7350 

0.0055 

0.0064 

0.0070 

0.0063 

0.0137 

0.0561 

0.0532 

0.0821 

0.1209 

 

 

(a) RFLTS based 𝑅𝑄𝐴(𝜔) and original 

𝑅𝑆𝑃(𝜔). 

 

(b) RFLTS based 𝑋𝑄𝐴(𝜔) = 𝐻{𝑅𝑄𝐴(𝜔)} 

and original 𝑋𝑆𝑃(𝜔). 

Figure 3.4 : Real and imaginary parts of the RF-LST based and original SP 

impedance. 
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Referring to Table 3.1 and Figure 3.3, it is predicted that 87.45% of the available power 

of the generator is transferable to the input of the power transistor 𝐶𝐺𝐻40010F with 

optimum fluctuation of ∆𝑇 = ∓0.0532 in least mean square sense. Let us now 

investigate the output power delivery performance of the same transistor using the 

load-pull measured impedance data in the following section. 

 The Power Delivery Performance of a GaN Device 

In this section, we will investigate the power delivering capability of the 

𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑 𝐶𝐺𝐻40010𝐹  𝐺𝑎𝑁 transistor at its output-port [45]. Here, we assumed 

that the transistor is terminated in its modelled-realizable optimum load-pull 

impedance over the output matching network (OMN) while the other end of OMN is 

terminated in 𝑅0 = 50𝛺. The measured load-pull impedance is approximated as the 

driving-point backend impedance of a lossless two-port [E] when it is terminated in 

the complex-conjugate of the load pull immittance as in Figure 3.2b. 

In the performance assessment computations, user defined passband is selected as 

before with 𝐹0 = 3.0 𝐺𝐻𝑧. The real part of the measured load-pull impedance is 

augmented at DC (i.e., 𝑓 = 0) as 𝑅𝐿𝑃𝐴(1) = 61𝛺 and 𝑅𝐿𝑃𝐴(𝑁) = 0𝛺. Similarly, 

the measured imaginary part 𝑋𝐿𝑃𝐴 is augmented as 𝑋𝐿𝑃𝐴(1) = 0 at 𝐷𝐶 (𝑖. 𝑒. 𝑤𝑠1 =

0) and the end point is augmented at 6GHz as 𝑋𝐿𝑃𝐴(𝑁) = +11𝛺 (𝑖. 𝑒. , 𝑤𝑠2 =

4/𝐹0 = 1.333). 

Execution of our MatLab program results in the RF-LST based Gain Bandwidth 

Limitation of the load-pull impedance. Results of the sequential optimization of 𝑇𝑃𝐺 

are summarized as in Table 3.2 and depicted as in Figure 3.5. The best performance 

appears for max (𝑇𝑚𝑖𝑛) = 0.7532 or equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.7883 ∓ 0.0351. 

Optimized break points 𝑅𝑄𝐿𝑆𝑇−𝐿 and its corresponding Hilbert Transform 𝑋𝑄𝐿𝑆𝑇−𝐿 are 

depicted in Figure 3.6a and Figure 3.6b respectively as compared with the 

manufacturer’s published load-pull impedance data.  

Referring to Table 3.2 and Figure 3.5, it is predicted that 78.83% of the output power 

is delivered to the load pull impedance of the power transistor 𝐶𝐺𝐻40010. In other 

words, power delivery performance of the optimum realizable load pull impedance is 

𝑇𝑚𝑒𝑎𝑛 = 0.7883 with corresponding fluctuation of ∆𝑇 = ∓0.0351. 
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Figure 3.5 : Power-delivery performance of the GaN device obtained by sweeping 

𝑇0(𝑘). 

Table 3.2 : Power-delivery performance of the CGH40010F power transistor. 

𝑇0(𝑘) 𝑇𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥[𝐺𝐻𝑧] 𝑇𝑚𝑎𝑥 𝐹𝑚𝑖𝑛[𝐺𝐻𝑧] 𝑇𝑚𝑖𝑛 ∆𝑇 

0.6000 

0.6500 

0.7000 

0.7500 

0.8000 

0.8500 

0.9000 

0.9500 

1.0000 

0.6003 

0.6503 

0.7000 

0.7483 

0.7883 

0.7995 

0.7883 

0.7747 

0.7631 

2.9440 

2.9400 

2.9360 

2.9240 

2.9040 

2.8840 

2.8800 

2.8760 

0.9200 

0.6023 

0.6536 

0.7060 

0.7612 

0.8234 

0.8871 

0.9176 

0.9225 

0.9191 

3.0000 

3.0000 

3.0000 

3.0000 

3.0000 

3.0000 

3.0000 

3.0000 

3.0000 

0.5983 

0.6470 

0.6940 

0.7354 

0.7532 

0.7119 

0.6590 

0.6269 

0.6071 

0.0020 

0.0033 

0.0060 

0.0129 

0.0351 

0.0876 

0.1293 

0.1478 

0.1560 
 

 

(a) RFLTS based 𝑅𝑄𝐴(𝜔) and original 

𝑅𝐿𝑃(𝜔). 

 

(b) RFLTS based 𝑋𝑄𝐴(𝜔) = 𝐻{𝑅𝑄𝐴(𝜔)} 

and original 𝑋𝐿𝑃(𝜔). 

Figure 3.6 : Real and imaginary parts of the RF-LST based and original LP 

impedance. 
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 Generation of an Analytic Model for the Given Immittance Data 

In the previous sections, power-intake and power delivery performance of the 

optimum-realizable source and load-pull immittances are determined using the real 

frequency-line segment technique (RF-LST). The follow-up step should be to build 

the best analytic immittance models for the RF-LST based terminations so that the 

input and the output matching networks are constructed. In this regard, the VGO 

method is adopted to build the analytic model for the given minimum immittance data. 

Referring to Figure 3.7, the load termination 𝐾𝐿𝐴(𝑗𝜔) = 𝑅𝐿𝐴(𝜔) + 𝑗𝑋𝐿𝐴(𝜔) is 

described as the complex conjugate of the minimum immittance data 𝐾𝐴(𝑗𝜔) =

𝑅𝐴(𝜔) + 𝑗𝑋𝐴(𝜔) such that 

𝑅𝐿𝐴(𝜔) = 𝑅𝐴(𝜔) (3.1a) 

𝑋𝐿𝐴(𝜔) = −𝑋𝐴(𝜔) (3.1b) 

Thus, the transducer power gain is given by   

𝑇(𝜔) =
4𝑅(𝜔)𝑅𝐴(𝜔)

[𝑅(𝜔) + 𝑅𝐴(𝜔)]2 + [𝑋(𝜔) − 𝑋𝐴(𝜔)]2
 (3.2) 

KQ(jω) RQ(ω)+jXQ(ω)

EG

RG=1  

E KLA(jω)

 

Figure 3.7 : A virtual single matching problem to model a measured immittance data 

𝐾(𝑗𝜔) by setting 𝐾𝐿𝐴 = 𝑍∗. 

In (3.2), the realizable-rational real part function 𝑅(𝜔) = 𝑅(𝑝2)|𝑝2=−𝜔2 is described 

in terms of an auxiliary polynomial 𝑐(𝜔) = 𝑐1𝜔𝑛 + 𝑐2𝜔𝑛−1 + ⋯ + 𝑐𝑛𝜔 + 1 such that 

𝑅(𝜔2) =  
𝑎0

2(−1)𝑛𝑑𝑐𝜔2𝑛𝑑𝑐 ∏ (𝜎𝑖
2 + 𝜔2)2𝑛𝑟

𝑖=1 ∏ (𝜔𝑖
2 − 𝜔2)2𝑛𝑧

𝑗=1

𝐵(𝜔2)
        (3.3a) 

where 
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𝐵(𝜔2) =
1

2
 [𝑐2(𝜔) + 𝑐2(−𝜔)] > 0; ∀𝜔 (3.3b) 

In the above formulations, 𝑛 is the degree of the auxiliary polynomial which 

corresponds to the total number of the reactive components in the matching network 

when the modelled immittance is synthesized as a lossless two-port in Darlington 

sense. The integer 𝑛𝑑𝑐 is the count for the total number of transmission zeros at DC. 

The symbol 𝜎𝑖 is a positive real number referring to Right Half Plane (RHP) 

transmission zeros. The symbol 𝜔𝑖 designates the finite transmission zeros on the 

frequency axis 𝑗𝜔 as it comes with its complex conjugate pair. From the programming 

point of view, all the RHP zeros and finite frequency transmission zeros may be 

collected under vectors 𝑆 = [𝜎1, 𝜎2, ⋯ , 𝜎𝑛𝑟] and 𝑊 = [𝜔1, 𝜔2, ⋯ , 𝜔𝑛𝑧] respectively. 

It should be emphasized that a for typical matching network, all the transmission zeros 

are selected by the designer as the input to the VGO program since they impose the 

topological structure of the matching network. In this regard, unknowns of the virtual 

gain optimization are selected as the real coefficients {𝑐1, 𝑐2, 𝑐3, … , 𝑐𝑛}. The real 

constant 𝑎0 may as well be included among the unknowns. Once 𝑎0 and 

{𝑐1, 𝑐2, 𝑐3, … , 𝑐𝑛} are initialized, the analytic form of the minimum immittance 𝐾(𝑝) =

𝑎(𝑝)

𝑏(𝑝)
 is generated using the parametric approach [63, 71, 73, 75, 76]. Eventually, for a 

selected constant flat gain level 𝑇0, the error function 

𝜀(𝜔, 𝑐1, 𝑐2, 𝑐3, … , 𝑐𝑛, 𝑎0) = 𝑇(𝜔) − 𝑇0

=
4𝑅(𝜔)𝑅𝐴(𝜔)

[𝑅(𝜔) + 𝑅𝐴(𝜔)]2 + [𝑋(𝜔) − 𝑋𝐴(𝜔)]2
− 𝑇0 

(3.4) 

is minimized over the passband. In (3.4), 𝑇0 may be set to unity since a good fit 

between the pairs {𝑅(𝜔), 𝑋(𝜔)} and {𝑅𝐴(𝜔), 𝑋𝐴(𝜔)} is sought.  For the sake of 

completeness, let us summarize the parametric approach to construct a positive real 

immittance function 𝐾(𝑝) from its even part 𝑅(𝜔) as specified by (3.3). 

 A Parametric Method to Build a Positive Real Minimum Function 𝑲(𝒑) 

from Its Even Part 𝑹(𝒑𝟐) 

In this method, a minimum positive function 𝐾(𝑝) is expressed in terms of its LHP 

poles 𝑝𝑖 as follows [63, 71, 73, 75, 76]. 
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𝐾(𝑝) =
𝑎(𝑝)

𝑏(𝑝)
= 𝑅∞ + ∑

𝑘𝑗

𝑝 − 𝑝𝑗

𝑛

𝑗=1

 (3.5a) 

The above form is called the parametric representation of a minimum positive real 

function 𝐾(𝑝). 

Similarly, even part 𝑅(𝑝2) of 𝐾(𝑝) is also expressed in parametric form as 

𝑅(𝑝2) =
1

2
[𝐾(𝑝) + 𝐾(−𝑝)] = 𝑅∞ + ∑

𝑘𝑗𝑝𝑗

𝑝2 − 𝑝𝑗
2

𝑛

𝑗=1

 (3.5b) 

where the residues are given by 

𝑘𝑗 = (𝑝2 − 𝑝𝑗
2)

𝑅(𝑝𝑗
2)

𝑝𝑗
=

𝐴(𝑝𝑗
2)

(𝑝𝑗)(−1)𝑛(𝑐1
2) ∏ (𝑝2 − 𝑝𝑖

2)𝑛
𝑖=1
𝑖≠𝑗

 
(3.5c) 

𝑅∞ = 𝑙𝑖𝑚
𝑝→∞

𝑅(𝑝2) 
(3.5d) 

Once the transmission zeros are selected, the arbitrary real coefficients {𝑐𝑖; 𝑖 =

1,2, . . , 𝑛} and 𝑎0 are initialized, then even denominator polynomial 𝐵(𝜔2) of (3.3a) 

are computed as  

 𝐵(𝜔2) =
1

2
[𝑐2(𝜔) + 𝑐2(−𝜔)]

= 𝐵1𝜔2𝑛 + 𝐵2𝜔2(𝑛−1) + ⋯ + 𝐵𝑛𝜔2 + 1 > 0 ∀𝜔 

(3.5e) 

Afterwards, 𝐵(𝑝2) is generated replacing 𝜔2 by − 𝑝2. At this point, mirror-image 

symmetric roots of 𝐵(𝑝2) are computed. For example, on MatLab, the command 𝑥 =

𝑟𝑜𝑜𝑡𝑠(𝐵) returns all the roots of the denominator polynomial 𝐵(𝑥) with 𝑥 = 𝑝𝑖
2. Then, 

we set 𝑝𝑖 = ∓√𝑥. Let the roots of 𝐵(𝑝2) are designated by 𝑝 = ∓𝑝𝑖 ;  𝑖 = 1,2, … , 𝑛. 

Selecting LHP roots 𝑝𝑗 of 𝐵(𝑝2), denominator polynomial 𝑏(𝑝) of 𝑍(𝑝) =
𝑎(𝑝)

𝑏(𝑝)
 is 

constructed as 

𝑏(𝑝) = |𝑐1| ∏(𝑝 + 𝑝𝑗)

𝑛

𝑗=1

 (3.5f) 



54 

Using (3.5c) and (3.5d), the residues 𝑘𝑗 and 𝑅∞ are computed. Then, 𝐾(𝑝) is generated 

as in (3.5a). Finally, its rational form is determined by algebraic manipulations to end 

up with the rational form of 𝐾(𝑝) = 𝑎(𝑝)/𝑏(𝑝). In (3.5f), 𝑏(𝑝) is a strictly Hurwitz 

real polynomial. Therefore, complex roots of 𝑏(𝑝), which are specified by 𝑝𝑗 = −𝜎𝑗 +

𝑗𝜔𝑗 ; 𝜎𝑗 > 0, must be accompanied with its complex conjugate pairs such that 𝑝𝑗+1 =

−𝜎𝑗 − 𝑗𝜔𝑗; 𝑗 = 1,2, … , 𝑛. Thus, once the transmission zeros are selected (i.e. 𝑛𝑑𝑐, 

𝑊 = [𝜔1, 𝜔2, ⋯ , 𝜔𝑛𝑧] and 𝑆 = [𝜎1, 𝜎2, ⋯ , 𝜎𝑛𝑟]) and the coefficients 𝑎0 and 

{𝑐1, 𝑐2, 𝑐3, … , 𝑐𝑛} of the auxiliary polynomial is initialized, minimum function 𝐾(𝑝) =

𝑎(𝑝)/𝑏(𝑝) is generated employing (16). Hence, minimization of the error function of 

(3.4) results in the analytic form of 𝐾(𝑝) =
𝑎(𝑝)

𝑏(𝑝)
=

𝑎1𝑝𝑛+𝑎2𝑝𝑛−1+𝑎3𝑝𝑛−2+⋯+𝑎𝑛𝑝+𝑎𝑛+1

𝑏1𝑝𝑛+𝑏2𝑝𝑛−1+𝑏3𝑝𝑛−2+⋯+𝑏𝑛𝑝+1
 as 

in (3.5). It is noted that in our computations, we take 𝑎1 = 0 since lim
𝑝→∞

𝑅(𝑝) = 0 is 

assumed. Furthermore, in MatLab computations, a polynomial 𝑎(𝑝) of degree 𝑛 is 

defined as a vector 𝑎 = [𝑎1 𝑎2 … 𝑎𝑛+1 ] of n+1 tuples. 

Eventually, 𝐾(𝑝) =
𝑎(𝑝)

𝑏(𝑝)
 is synthesized as a lossless two-port in Darlington sense. If  

𝐾(𝑝) refers to the source/load pull immittance, the lossless two-port will be the 

input/output matching network. Optimization and Synthesis are implemented under 

MatLab environment in a similar manner to that of [50-54]. 

 Analytic Models for the RF-LST Based Source and Load Impedances 

In Section 3.3 and 3.4, Power-Intake and Power-Delivery Performance of the device 

is obtained over the given source/load pull impedance data. In this section, we build 

practical analytic models for both source and load pull impedances as follows. 

3.7.1 Source-pull impedance model 

RF-LST based optimum source impedance data is shown in Figure 3.4 as red plot. 

Employing the modelling method introduced above, we obtained the realizable 

analytic form for the optimum source impedance 𝑍𝑄𝐴−𝑆𝑃(𝑝) = 𝑎(𝑝)/𝑏(𝑝) as 

specified in Table 3.3 for 𝑛 = 5 and 𝑛𝑑𝑐 = 1 (a single transmission zero at dc). Data 

fit between the analytic impedance and the RF-LST based source impedance is 

depicted in Figure 3.8. In this regard, quality of the curve fitting (QF) may be evaluated 

by means of the virtual transducer power gain (VTPG). For example, VTPG=1 
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corresponds to exact fit at the given points over the passband. Otherwise, trace of the 

analytic function will deviate from the original RF-LST points. VTPG of the IMN is 

depicted in Figure 3.9 with the black curve. Close examination of this figure reveals 

that quality of match is about 95% but it drops down to 85% in the vicinity of the 

normalized frequency 𝜔 = 0.8. The analytic form of 𝑍𝑄𝐴−𝑆𝑃(𝑝) = 𝑎(𝑝)/𝑏(𝑝) is 

synthesized as in Figure 3.10.   

Table 3.3 : Optimized analytic impedance function for SP model. 

Optimized analytic impedance function 𝑍𝑄𝐴−𝑆(𝑝) = 𝑎(𝑝)/𝑏(𝑝) which best fits the RF-

LST based SP impedance 𝑍𝑄𝐿𝑆𝑇−𝑆(𝑗𝜔) = 𝑅𝑄𝐿𝑆𝑇−𝑆(𝜔) + 𝑗𝑋𝑄𝐿𝑆𝑇−𝑆(𝜔). 

For 𝑁𝑐 = 5; 𝑛𝑑𝑐 = 1: 

𝑎0𝐺 2.1208 

𝑐(𝜔) [−16.2278    1.5185   21.6723    4.1441   − 2.3591] 

𝑎(𝑝) [0    1.5239    1.6028    2.1996    0.9545         0] 

𝑏(𝑝) [16.2278   17.0679   30.5770   17.6893    7.0166    1.0000] 

For 𝑁𝑐 = 8; 𝑛𝑑𝑐 = 2: 

𝑎0𝐺 2.3455 

𝑐(𝜔) [15.86  − 69.77   − 38.85    78.31    28.50   − 12.57   − 13.86    − 1.02] 

𝑎(𝑝) [0    1.2083    6.4653    8.1143    8.7234    5.7561    1.9264    0.3930         0] 

𝑏(𝑝) [15.86   84.84   112.32   145.75   113.51   60.67   25.35    4.90    1.00] 

 

 

Figure 3.8 : Fit between the modeled and RF-LST based source impedance real and 

imaginary parts. 
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Synthesis is completed using our “high-precision Darlington synthesis (HPDS) 

methods” presented in  [50-54]. In HPDS, driving point input immittance is corrected 

after each transmission zero extraction. In this way, one can synthsize a lossless 

matching network with more than 30 reactive elements with relative error less than 

10−4 as reported in [30-34]. The alternative sysnthesis could be to use Darlington 

Synthesis in a straight forward manner without immittance correction. In this way, 

sythesis is halted after a few steps due to overflow/underflow errors occour during the 

computations. Another high precision synthesis  method  is reported in [77], which 

utilized the correction on the Feldkeller condtion after each transmission zeros 

extranction. However, this work is only good for lowpas LC ladder synthesis, and the 

resulting computational precion is similar to that of [30-34] upto 10 elements.  

It should be mentioned that QF may be improved by increasing the total number of 

elements in the matching networks. For example, In Table 3.3, we present the results 

of VTPG optimization for 𝑛𝑑𝑐 = 2, 𝑁𝑐 = 8 case. Corresponding VTPG is also 

depicted in Figure 3.9 with blue dashed plot. As it is seen from Figure 3.9, quality of 

fit is slightly improved with sharpened edges. Nevertheless, for the sake of simplicity, 

we have selected the “5 element IMN” to construct PA. 
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Figure 3.9 : Quality measure for the fit between optimum and modeled impedances 

via VGO algorithm. 
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(a) 5 element network with ndc=1. 

 

(b) 8 element network with ndc=2. 

Figure 3.10 : Synthesized networks by modeling the RF-LST based source 

impedance. 

3.7.2 Load-pull impedance model 

In Figure 3.6, RF-LST based load-pull impedance data is depicted (green plot). 

Utilizing the analytic virtual modeling method, we end up with the positive-real 

function form for the load-pull impedance as listed by Table 3.4 for 𝑛𝑑𝑐 = 1 and 𝑛 =

5. The fit between the analytic form and the break points are shown in Figure 3.11. 

Quality of fit (𝑄𝐹) is depicted in Figure 3.9 with the red-dotted curve. Here in this 

case, 𝑄𝐹 is better than 99% over the entire frequency band. Hence, synthesis of 

𝑍𝑄𝐴−𝐿𝑃(𝑝) = 𝑎(𝑝)/𝑏(𝑝) is shown in Figure 3.12. 

Note that, it is possible to build an exact model for the RF-LST based immittance data 

yielding perfect match employing the linear interpolation method of positive real 

functions [78]. However, this method unnecessarily complicates the matching network 

topology with total number of 2(𝑁 − 1) components. In this representation, integer 𝑁 

refers to the count of sampling points as in Figure 2.2. 
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Table 3.4 : Optimized analytic impedance function for LP model. 

Optimized analytic impedance function 𝑍𝑄𝐴−𝐿(𝑝) = 𝑎(𝑝)/𝑏(𝑝) which 

best fits the RF-LST based LP impedance 𝑍𝑄𝐿𝑆𝑇−𝐿(𝑗𝜔) = 𝑅𝑄𝐿𝑆𝑇−𝐿(𝜔) +

𝑗𝑋𝑄𝐿𝑆𝑇−𝐿(𝜔). 

For 𝑁𝑐 = 5; 𝑛𝑑𝑐 = 1 

𝑎0𝐿 4.0827 

𝑐(𝜔) [3.7719    0.9181   − 0.6221    3.5809   − 4.2652] 

𝑎(𝑝) [0    1.3928    3.9380    4.7844    2.8723         0] 

𝑏(𝑝) [3.7719   10.6645   15.5864   15.2137    7.4687    1.0000] 

 

 

 

Figure 3.11 : Fit between the modeled and RF-LST based load impedance real and 

imaginary parts. 

 

Figure 3.12 : Synthesized network by modeling the RF-LST based load impedance. 
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 Simulation of the PA with Synthesized Matching Networks 

In this section, we carried out the simulation and re-optimization process of the 

designed power amplifier using ADS as depicted in Figure 3.13 [72]. The circuit 

components of the IMN (Figure 3.10) and OMN (Figure 3.12) are re-optimized to 

improve the TPG and the power added efficiency of the overall amplifier to end up 

with practically implementable component values. Finally, the amplifier is 

manufactured, and its performance is measured. Details are summarized as follows.  

In Figure 3.13, for AB-Class operation, the 𝐺𝑎𝑁 transistor CGH40010F is biased with 

𝑉𝐷𝐷 = 28 𝑉𝑜𝑙𝑡𝑠, 𝑉𝐺𝐺 = −2.82 𝑉𝑜𝑙𝑡𝑠, 𝐼𝐷𝐷 = 150 𝑚𝐴. Over the passband, driving 

input power of the amplifier is kept constant at 𝑃𝑖𝑛 = 28 𝑑𝐵𝑚 level. Under the above 

conditions, simulation results are given in Figure 3.14. Close examination of this figure 

reveals that the average value of TPG is 13.6 dB with ∓0.6 dB fluctuation and the 

PEA varies between 65% down to 43% over the passband of (800MHz-3GHz). For 

the sake of comparison, simulation results for the synthesized IMN with 𝑁𝑐 = 8 

elements, is also depicted in Figure 3.14 as TPG2 and PAE2. As can be seen from this 

figure, the passband performance is similar to that of 5 element IMN, whereas the stop-

band roll-offs is sharpened as expected. 

So far, we are only concerned with the optimum data fit between the realizable analytic 

forms and the given source/load-pull immittance data. Therefore, we did not care about 

the IMN and OMN resistive terminations if they are 50 ohms or not. As a matter of 

fact, they are also included among the unknowns of the virtual matching problems by 

varying the real constant 𝑎0 of (3.3a). Indeed, for IMN, the optimum solution is 

obtained for 𝑎0𝐺 = 2.12 which yields 𝑅0𝐺 = 10.13𝛺. Similarly, the terminating 

resistor of OMN is 𝑅0𝐿 = 24.75 which refers to the real constant 𝑎0𝐿 = 4.08. 

However, practical designs of IMN/OMN may require 50Ω terminations. This fact can 

be taken care of in ADS during the re-optimization process. Moreover, for the sake of 

simple PA fabrication, most of the lumped elements are converted to microstrip lines.   

Thus, we end-up with the final design as depicted in Figure 3.15. At this point, it is 

crucial to emphasized that, without using VGO method, which yields the circuit 

topologies with element values for IMN and OMN as depicted in Figure 3.10 and 

Figure 3.12, we would not be able to carry-out the re-optimization to end-up with the 

final design of the PA on ADS as depicted in Figure 3.15. 
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Figure 3.13 : ADS simulation schematic of the designed amplifier. 

 

Figure 3.14 : ADS simulation results of the designed amplifier. 

Referring the Figure 3.13 and Figure 3.15, capacitors and inductors can be realized as 

cascaded microstrip lines. The shunt inductors  𝐿𝑖1 of IMN and 𝐿𝑜1 of OMN are 

connected through the bias lines. Due to its substantial value, it is appropriate to realize 

the capacitor 𝐶𝑖2 of IMN as a radial stub. After re-optimization, it is found that, 

inductors 𝐿𝑖5, 𝐿𝑜5 and the capacitor 𝐶𝑜2 can be disregarded due to their negligible 

contributions to the PA performance. The series inductors 𝐿𝑖3 and 𝐿𝑜3 are printed on 

the top surface as transmission lines 𝑇𝐿𝑖1 and 𝑇𝐿𝑜1 respectively. In a similar manner, 

𝐶𝑖4 of the IMN is realized as 𝑇𝐿𝑖2. The pi section [𝐶𝑜2 − 𝐿𝑜3 − 𝐶𝑜4] of Figure 3.15 can 

be replaced with a single transmission line 𝑇𝐿𝑜2 as described in [25, 48, 49, 79-82]. 

Additionally, required connection lines such as bias and solder paths for gate/drain 

TPG
PAE

TPG2
PAE2

For IMN Nc=5 
case

For IMN Nc=8 
case
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leads of the active device are inserted. Furthermore, an RC low-frequency damping 

circuit is included to compensate low frequency gain variations, to reduce the return 

loss and to improve the stability of the amplifier. As a substrate, Taconic RF35 board 

is used for the PA realization with dielectric constant 𝜖 = 3.5 and ℎ = 30 𝑚𝑖𝑙 

thickness [83]. Non-ideal discrete component models are inserted for lumped elements 

(i.e. for 𝐶𝑖 and 𝐶𝑜, 600S series from Kyocera AVX corp. for 𝐶𝐺 and 𝐿𝑖1, GJM15 and 

LQW15 series from Murata respectively and for 𝐿𝑜1, 603HP series from coil-craft 

[84-86]). After these modifications, EM analysis and post-layout optimizations are 

completed with the best possible realizable form of the amplifier. The finalized 

schematic of the amplifier is given in Figure 3.15. The picture of the manufactured 

amplifier is given in Figure 3.16. The final simulation and the measurement results are 

given in Figure 3.17. As it is seen from the figure, the actual TPG is 11.4 ± 0.6 dB, 

PAE varies between 49% up to 71% and the drain efficiency (DE) varies between 

52.8% and 75.3%. 
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Figure 3.15 : Converted mixed equivalent of the designed amplifier. 

 

Figure 3.16 : Photo of the prototype amplifier. 
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Figure 3.17 : Measurement vs simulation results. 

At this point, it is useful to compare the measured performance of our amplifier with 

similar PAs, listed in Table 3.5. It is unveiled that, our newly proposed VGO neither 

requires selection of matching network topology nor demands the initialization of the 

element values. They are the results of the VGO method introduced in the thesis. 

Furthermore, our PA offers the minimum fluctuations within high average TPG in 

broadband. 

Table 3.5 : Comparison with the recently published PAs.    

[Ref]-[Year] 
Frequency 

Band [GHz] 
Gain [dB] Pout[dBm] 𝐷𝐸/PAE [%] 

[1]-[2022] 0.5-2.8 10-12 40-42.5 𝐷𝐸: 63-69 

[2]-[2018] 1.2-3.6 10.5-12.5 40-42.2 𝐷𝐸: 60-72 

[3]-[2017] 1.8-2.7 9.6-11.2 39.5-42 𝐷𝐸: 64-81 

[4]-[2016] 0.6-3.8 9-14 40-41.9 PAE: 46-75 

[5]-[2016] 0.8-3.05 9.8-13.2 40-43.2 𝐷𝐸: 57.4-79.1 

[6]-[2014] 1.6-2.8 11.9-15.2 40-42.5 𝐷𝐸: 67.5-81.9 

This work 

[2022] 
0.8-3.0 10.8-12.05 38.8-40.05 

𝐷𝐸: 52.8-75.3 

PAE: 49-70.6 

 

 Conclusion 

This research work proposes a structured set of sequential procedures to design power 

amplifiers. The power amplifier design process starts with the selection and 

characterization of an active device which must provide the desired output power level 
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in demand over a prescribed frequency band. The active device may be a 𝐺𝑎𝑁 power 

transistor. In this regard, the source/load pull impedances of the active device are 

generated to optimize the power added efficiency (PAE), and transducer power gain 

(TPG) while minimizing the harmonics of the amplifier over the frequency band of 

interest. At this point, it is crucial to note that for many practical situations, source and 

load pull impedances placed on the Smith Chart, do not necessarily belong to realizable 

positive functions (PR) over the passband. In this case, one must check if these 

impedances are realizable. If not, it is well known that power intake and power delivery 

performance of the active device is penalized heavily. Therefore, in this chapter, we 

applied the newly developed test procedure to determine whether the given source and 

load pull data are realizable network functions. Then, we introduced a new numerical 

method to assess the Power Intake/Delivery Performance of the given source and load 

pull impedances employing the real frequency line segment technique. Thus, ultimate 

power intake and power delivery capacity of the nonlinear active device is determined. 

Then, generate the optimum-realizable source and load pull impedances are as sampled 

data using the proposed real frequency line segment technique, which in turn results 

in the numerical Power-Intake and Power-Delivery Performance of these impedances. 

Then, we generated positive real function models for the line segment based realizable 

optimum source and load pull impedance data, which results in the optimum input and 

output matching network topologies with component values. The proposed modelling 

algorithm employs the method, what we call is the “virtual gain optimization, VGO”. 

Modelled positive real functions are synthesized as the front-end and the back-end 

lossless matching networks, yielding the optimum power added efficiency and the 

transducer power gain for the power amplifier under consideration.  Eventually, 

component values of the resulting input and output matching networks are re-

computed to improve the electrical performance of the power amplifier employing a 

commercially available design packages such as ADS. Using 𝐺𝑎𝑁 CGH40010F 

transistor, Using the proposed sequential design method step by step, we constructed 

an AB-Class power amplifier over 800𝑀𝐻𝑧 − 3𝐺𝐻𝑧 bandwidth. It is shown that the 

designed power amplifier offers 38.8dBm to 40.05 dBm output power, maximum of 

70.6% at 800 MHz and a minimum of 49% at 3.0 GHz power added efficiency with a 

nearly flat transducer power gain of 𝑇 = 11.4 ± 0.6 𝑑𝐵 over the 800MHz-3GHz 

bandwidth. 
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 BROADBAND POWER AMPLIFIER DESIGN VIA FICTITIOUS 

MATCHING1 

In this chapter, we introduce a new matching concept, so called Fictitious Matching 

(FM), which may be defined between the artificially generated non-Foster passive 

immittances, namely 𝐾𝐺𝐹 and 𝐾𝐿𝐹, over a lossless two-port or equivalently equalizer 

[E]. These immittances may not necessarily belong to physical devices, rather, they 

are fabricated like a source-pull or load-pull impedances to maximize the gain, the 

output power, the efficiency, and to minimize the output harmonics of a nonlinear-

active device. In FM problems, [E] is constructed to optimize the power transfer from 

𝐾𝐺𝐹 to 𝐾𝐿𝐹 in the passband. In this regard, [E] is described by means of its back end 

driving point input immittance 𝐾(𝜆) in Darlington sense, and it is determined as the 

outcome of the optimization process, where the complex variable 𝜆 = Σ + 𝑗Ω refers to 

Richards variable. Synthesis of 𝐾(𝜆) results in [E], consists of commensurate 

transmission lines. It is demonstrated that the new concept of FM can be utilized to 

build broadband power amplifiers. In this work, solving FM problem successively, the 

input and the output matching networks of a power amplifier are designed over 500 

MHz-3 GHz with the average gain of 11.5𝑑𝐵, the output power of 40.5 𝑑𝐵𝑚, and the 

average drain efficiency of 61.7%. The Power Amplifier was manufactured with 

microstrip lines using Wolfspeed’s CGH40010F 𝐺𝑎𝑁 transistor. 

 Introduction 

For wireless communication systems, it is essential to design power amplifiers (PA) 

for a variety of applications. Recently, it is a widespread practice to employ Gallium 

Nitrate (𝐺𝑎𝑁) transistors due to their high-power delivery capacity [1-6]. Once the 

power transistor is selected, its nonlinear behavior is characterized by determining it’s 

source-pull impedance data (𝑍𝑆𝑃𝐷) and the load-pull impedance data (𝑍𝐿𝑃𝐷). It is noted 

 

 
1 This chapter is based on the paper "Kilinc, S., Yarman, B.S., and Ozoguz, S. (2022). "Broadband 

Power Amplifier Design via Fictitious Matching," in IEEE Transactions on Circuits and Systems II: 

Express Briefs, vol. 69, no. 12, pp. 4844-4848, Dec. 2022, doi: 10.1109/TCSII.2022.3207423". 
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𝑍𝑆𝑃𝐷 and 𝑍𝐿𝑃𝐷 are produced to optimize the PA’s transducer power gain (TPG), output 

power (Pout), power added efficiency (PAE) as high as possible, and to minimize the 

harmonics in the specified frequency band 𝐵(𝜔). It must be noted that any impedance 

𝐾(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋(𝜔), specified over the real frequencies, with positive real part 

𝑅(𝜔) is called a “non-Foster passive impedance (NFPI) or in short a “lossy 

impedance” whether it is realizable or not. Therefore, the source and the load pull 

impedances are considered as NFPI as confirmed by definition, whether they are 

realizable or not [87]. Once the complex impedances 𝑍𝑆𝑃𝐷 and 𝑍𝐿𝑃𝐷 are generated, 

their complex conjugates are regarded as the optimum input (𝑍𝑖𝑛) and the output (𝑍𝑜𝑢𝑡)  

impedances for the active device under consideration. Referring to Figure 4.1, in 

general, a PA is designed by constructing it’s lossless input and output matching 

networks, as they are terminated in the complex generator impedance 𝑍𝐺  and the 

complex load impedance 𝑍𝐿. 

Z*Zin= SPDZSPD Z*Zout= LPD ZLPD

ZG

ZL

Input 
Matching 
Network

[IMN]

Output 
Matching 
Network
[OMN]

GaN
Power

Transistor
EG

 

Figure 4.1 : Description of a PA by means of its 𝑍𝑆𝑃𝐷 and 𝑍𝐿𝑃𝐷. 

At this point, 𝑍𝑆𝑃𝐷 and 𝑍𝐿𝑃𝐷, so as their complex conjugates, 𝑍𝑖𝑛 and 𝑍𝑜𝑢𝑡 may be 

regarded as artificially generated impedances since they are created point by point to 

optimize PA performance. It is not even known, if they are realizable network 

functions. 

In this chapter, computed or equivalently generated impedances, which may not 

belong to proper-realizable network functions, such as the source-pull and the load-

pull impedances or equivalently their complex conjugates 𝑍𝑖𝑛 and 𝑍𝑜𝑢𝑡, are regarded 

as fictitious impedances. Then, a matching problem, described between the fictitious 

complex terminations, is called the Fictitious Double Matching Problem (FDMP). In 

this regard, the Input Matching Network (IMN) and the Output Matching Network 

(OMN) of Figure 4.1, can be designed by solving FDMP generically, since 𝑍𝑖𝑛 = 𝑍𝑆𝑃𝐷
∗  

and 𝑍𝑜𝑢𝑡 = 𝑍𝐿𝑃𝐷
∗   are generated to optimize the performance of the PA. In FDMP, a 

lossless two-port or equivalently equalizer [E] is constructed between the complex 
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non-Foster passive impedances designated by 𝐾𝐺𝐹 at the generator-end and 𝐾𝐿𝐹 at the 

load-end, to optimize TPG in the passband as described in Figure 4.2 as follows. 

LOSSLESS 
TWO PORT [E]

(a) Fictitious Double Matching Problem (b) Darlington Description of [E]

LOSSLESS 
TWO PORT [E]

K(λ)

R0=1

KGF

KLF KLF
EG EG

Sin Sin
 

Figure 4.2 : Description of the fictitious double matching problem. 

Referring to Figure 4.2a, if one constructs IMN, then the fictitious load impedance 𝐾𝐿𝐹 

refers to 𝑍𝑖𝑛 = 𝑍𝑆𝑃𝐷
∗ , and the impedance 𝐾𝐺𝐹 is set to the actual internal impedance of 

the generator 𝑍𝐺  as in Figure 4.1. Likewise, if OMN is designed, the fictitious 

impedance 𝐾𝐺𝐹 refers to the complex impedance of the output port specified by 𝑍𝑜𝑢𝑡 =

𝑍𝐿𝑃𝐷
∗ , while setting 𝐾𝐿𝐹 to the original complex load impedance 𝑍𝐿. Hence, design of 

IMN (or OMN) is handled by solving FDMP for each matching network separately. 

In FDMP, the goal is to design the lossless matching network [E] to maximize the TPG 

as flat as possible over the passband. It is noted that 𝑇𝑃𝐺 = 1 corresponds to perfect 

match, meaning that, the equalizer [𝐸] = {(𝐼𝑀𝑁) 𝑜𝑟 (𝑂𝑀𝑁)} matches the exact 

values of 𝑍𝑖𝑛 = 𝑍𝑆𝑃𝐷
∗  (or 𝑍𝑜𝑢𝑡 = 𝑍𝐿𝑃𝐷

∗ ) to those values of the actual complex 

termination 𝑍𝐺  (or 𝑍𝐿) at measured frequencies point by point in the passband. 

Therefore, in this study, a robust numerical procedure is outlined for the solution of 

the fictitious double matching problem to construct [𝐸] = {(𝐼𝑀𝑁) 𝑜𝑟 (𝑂𝑀𝑁)} 

employing the Real Frequency Technique via Parametric Approach (RFT-PA) [25, 26, 

50, 71].  

Referring to Figure 4.2b, in RFT-PA, the matching network [E] is described by means 

of its back end driving point input impedance 𝐾(∗) as an analytic positive real (PR) 

function in Darlington sense. If 𝐾(∗) is defined in Laplace variable 𝑝 = 𝜎 + 𝑗𝜔, 

synthesis of 𝐾(𝑝) results in [E] consist of lossless-lumped circuit elements. However, 

if it is given in Richards variable 𝜆 = Σ + 𝑗Ω, then Richards-Synthesis of 𝐾(𝜆) yields 

a lossless [E], which includes only commensurate transmission lines. These lines may 

be manufactured as microstrip lines to make the production of the PA easy and cost 

effective [88-90]. It is noted that the angular Richards frequency Ω is related to the 

angular frequency 𝜔 in Laplace domain such that Ω = tan(𝜔𝜏). The Greek letter 𝜏 is 

known as the fixed delay lengths of the commensurate transmission lines. Let 𝜔𝑐2 
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designate the normalized angular frequency of the upper end of the passband. Then, 

the commensurate line delays are specified by 𝜃 = 𝜔𝑐2𝜏 in degrees or in radians. For 

many applications, normalized 𝜔𝑐2 is kept at unity yielding  𝜃 = 1 × 𝜏. In practice, 𝜃 

is selected by the designer satisfying the inequality of 0 < 𝜃 <
𝜋

2
. It may be proper to 

select 𝜃 ≤
𝜋

4
, or equivalently the normalized delay length 𝜏 ≤

𝜋

4
. In the following 

sections, first, we introduce a robust numerical procedure to solve the fictitious double 

matching problem (Section 4.2). Then, employing FDMP successively, IMN and 

OMN of the PA are constructed the with equal length (i.e., commensurate) 

transmission lines. Eventually, the power amplifier is built by realizing commensurate 

transmission lines in the form of microstrip patches, printed on a selected substrate. It 

is shown that, simulated and measured performance of the PA agrees within acceptable 

tolerances. The actual average performance of the PA is measured as 𝑇𝑃𝐺 = 11.5 ∓

0.9 𝑑𝐵, and the average PAE is 61.7% with average output power of 40.5 dBm 

(Section 4.3). 

In essence, Fictitious Gain Optimization (FGO) method introduced in this chapter, 

offers a numerically robust procedure to model the given source/load pull impedance 

data as positive real network functions in Richards variable λ=Σ+jΩ, resulting in the 

input and the output matching networks with commensurate transmission lines. Into 

our knowledge, FGO is the first of its kind, and it is formulated in such a way that 

undesirable parasitic components are imbedded in the optimization scheme, which 

transforms the modelling problem to a FDMP as described in Section 4.3. 

 A Robust Numerical Procedure to Solve FDMP 

In broadband matching literature, the matching problems are studied under two major 

headings, namely, single, and double matching problems [50, 64, 66]. For FDMP of 

Figure 4.2a, the generator 𝐸𝐺  with a fictitious internal immittance 𝐾𝐺𝐹(𝑗𝜔) =

𝑅𝐺𝐹(𝜔) + 𝑗𝑋𝐺𝐹(𝜔), transfers its RF power to a fictitious load immittance 𝐾𝐿𝐹 =

𝑅𝐿𝐹(𝜔) + 𝑗𝑋𝐿𝐹(𝜔) over the lossless matching network [E] in the passband. Similarly, 

Figure 4.2b refers to a typical Fictitious Single Matching Problem (FSMP), whereas 

the generator’s internal immittance is purely resistive (i.e., 𝐾𝐺𝐹 = 𝑅𝐺 = 1𝛺). In 

matching problems, the goal is to construct a lossless matching network [E] to optimize 

the power transfer (i.e., TPG) from 𝐾𝐺𝐹 to 𝐾𝐿𝐹 as flat and as high as possible over 
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𝐵(𝜔). In fictitious matching problems, impedances 𝐾𝐺𝐹 and/or 𝐾𝐿𝐹 may not 

necessarily be realizable network functions. They are rather fabricated to construct [E] 

to optimize the pre-selected criteria such as the TPG of the matching problem under 

consideration.  

In the real frequency techniques (RFT), [E] is described in terms of its back end driving 

point input immittance 𝐾(∗) in Darlington sense. In this chapter, 𝐾(𝜆) is expressed in 

Richards variable 𝜆 and it is determined as a realizable analytic function by optimizing 

the Fictitious Transducer Power Gain 𝑇𝐷𝑀(𝜔) over the passband as follows. On the 

𝑗Ω axis, 𝐾(𝑗Ω) is expressed as 

𝐾(𝑗Ω) = 𝑅(Ω) + 𝑗𝑋(Ω) (4.1a) 

In RFT-PA, the immittance function 𝐾(𝜆) is assumed to be a minimum impedance or 

a minimum admittance. Therefore, imaginary part 𝑋(Ω) of (4.1a) is uniquely 

determined from the real part 𝑅(Ω) using the Hilbert Transformation (HT) [50]. Once 

𝑅(Ω) is sampled at the Richards angular frequencies Ω𝑖,  HT can be expressed as a 

linear numerical operator (LHT) in terms of the sampling points 𝑅𝑖 = 𝑅(Ω𝑖) such that 

𝑋(Ω) = ∑ 𝛽(Ω)𝑅𝑖 = 𝐿𝐻𝑇

𝑁

𝑖=1

{𝑅(Ω)} (4.1b) 

In (4.1b), total number of sampling points 𝑁 is selected in such a way that, for a large 

value of  Ω ≥ Ω𝑁, 𝑅(Ω) becomes zero. In other words, we set 𝑅𝑁 = 0. Computational 

details of (4.1b) can be found in [50]. Thus, the unknown of the fictitious double 

matching problem is selected as the real part 𝑅(Ω). In this regard, fictitious gain 

𝑇𝐷𝑀(𝜔) of the FDMP is given by 

𝑇𝐷𝑀(Ω) =
1 − |𝑆𝐺(𝑗Ω)|2

|1 − 𝑆𝑖𝑛(𝑗Ω)𝑆𝐺|
𝑇𝑆𝑀(Ω) (4.1c) 

In (4.1c), 𝑇𝑆𝑀(Ω) refers to the TPG of the FSMP of Figure 4.2b and it is given as 

𝑇𝑆𝑀(Ω) =
4𝑅(Ω)𝑅𝐿𝐹(𝜔)

[𝑅(Ω) + 𝑅𝐿𝐹(𝜔)]2 + [𝑋(Ω) − 𝑋𝐿𝐹(𝜔)]2
 (4.1d) 

The reflection coefficients 𝑆𝐺, and 𝑆𝑖𝑛, and Ω are given by  
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𝑆𝐺 = 𝜇𝐺

𝐾𝐺 − 1

𝐾𝐺 + 1
 (4.1e) 

𝑆𝑖𝑛 = (−1)𝑛𝑑𝑐𝜇𝑖𝑛 [
𝐾𝐿𝐹(𝑗𝜔) − 𝐾(−𝑗Ω)

𝐾𝐿𝐹(𝑗𝜔) + 𝐾(𝑗Ω)
] (4.1f) 

Ω = tan (𝜔𝜏) (4.1g) 

where the unimodular constant 𝜇𝐺(or 𝜇𝑖𝑛) is set to +1 if 𝐾𝐺𝐹 (or 𝐾𝐿𝐹 and 𝐾) refers to 

an impedance function(s). Otherwise, it is set to 𝜇𝐺(𝑜𝑟 𝜇𝑖𝑛 = −1) for admittance 

functions. 

For practical matching networks constructed with commensurate transmission lines, 

𝑅(Ω) may be described as 

𝑅(𝛺) =  
𝑎0

2(−1)𝑛𝑑𝑐𝛺2𝑛𝑑𝑐(1 + 𝛺2)𝑚

𝐵(𝛺2)
≥ 0; 𝑚 + 𝑛𝑑𝑐 ≤ 𝑛  (4.2) 

where 𝐵(𝛺2) is a strictly positive even polynomial and may be generated by means of 

an auxiliary polynomial 𝑐(Ω) to impose the realizability on 𝑅(𝛺) such that 

𝐵(𝛺2) =
1

2
 [𝑐2(𝛺) + 𝑐2(−𝛺)] > 0; ∀𝛺 (4.3a) 

𝑐(𝛺) is a real full polynomial with non-zero coefficients in the Richard frequency Ω 

such that 

𝑐(𝛺) = 𝑐1𝛺𝑛 + 𝑐2𝛺𝑛−1 + ⋯ + 𝑐𝑛𝛺 + 1 (4.3b) 

In (4.2), the integer 𝑛 refers to the total number of commensurate transmission lines in 

[E], and they are called unit Elements (UE), each of them possesses equal lengths with 

different characteristic impedances. These characteristic impedances are obtained as 

the result of the Richards Synthesis of 𝐾(𝜆) [55]. The integer 𝑛𝑑𝑐 is the total count of 

the transmission zeros placed at Ω = 𝜔 = 0 (i.e., at DC), and they are realized as open 

stubs (Richards Capacitors 𝐶𝜆) in series configuration or as short stubs (Richards 

Inductors 𝐿𝜆) in shunt configuration. The integer 𝑚 is the total count for the UEs in 

cascaded connections, and 𝑛∞ = 𝑛 − 𝑚 − 𝑛𝑑𝑐 is the total count for the transmission 

zeros placed at infinity (i.e., Ω = 𝜔 = ∞), and they are either realized as inductors 𝐿𝜆 
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in series configuration or capacitors 𝐶𝜆 in shunt configuration. Integers 𝑛, 𝑚, and 𝑛𝑑𝑐 

are selected by the designer based on the design considerations. For the sake of 

simplicity, it may be preferable to select 𝑛𝑑𝑐 = 0, and 𝑛 = 𝑚 to avoid realization of 

transmission zeros at DC and infinity as short and open stubs. Therefore, in this study, 

we set 𝑛 = 𝑚, and 𝑛𝑑𝑐 = 0, so that [E] includes only cascade-connection of 𝑛 Unit 

Elements with different characteristic impedances {𝑍𝑖; 𝑖 = 1,2, … , 𝑛}.  

In RFT-PA, the minimum immittance function 𝐾(𝜆) is expressed as  

𝐾(𝜆) =
𝑎𝑚(𝜆)

𝑏𝑚(𝜆)
=

𝑎1𝜆𝑛 + 𝑎2𝜆𝑛−1 + ⋯ + 𝑎𝑛𝜆 + 𝑎𝑛+1

𝑏1𝜆𝑛 + 𝑏2𝜆𝑛−1 + ⋯ + 𝑏𝑛𝜆 + 𝑏𝑛+1
 (4.4) 

The complex terminations 𝑍𝐺  and 𝑍𝐿 of Figure 4.1 are specified by the application. 

For example, if PA is designed as the output stage of a transmitter connected to an 

antenna, then 𝑍𝐺𝐹  may be regarded the complex conjugate of the load pull impedance 

𝑍𝐿𝑃 of the nonlinear active device, and the load 𝐾𝐿𝐹 is considered as the actual input 

impedance 𝑍𝐴 of the antenna. Integers 𝑛, 𝑚, and 𝑛𝑑𝑐 of (4.2) are selected by the 

designer. It should be kept in mind that these integers are related to the complexity of 

the matching network [E]. We prefer to choose 𝑚 = 𝑛 and 𝑛𝑑𝑐 = 0 with 𝑛 ≤ 7. In 

this case, [E] includes only total number of 𝑛 UEs in cascade configuration.  

The unknowns of FDMP are selected as the coefficients and {𝑐𝑖; 𝑖 = 1,2, … , 𝑛} of (2). 

The real constant 𝑎0 may be fixed as unity or it may also be included among the 

unknowns. To determine the unknown coefficients, we define an error function 𝜀 to 

be minimized such that 

𝜀(Ω, 𝑎0, 𝑐1, 𝑐2, 𝑐3, … , 𝑐𝑛, 𝑚, 𝑛𝑑𝑐, 𝐾𝐺𝐹 , 𝐾𝐿𝐹) = 𝑇𝐷𝑀 − 𝑇0𝑘 (4.5) 

In (4.5), 𝑇0𝑘 is the target flat gain level, and it must be selected as high as possible. It 

may be determined by trial and error starting from the unity level down to 𝑇0𝑘 ≥ 0.5 

by sweeping it. In the numerical minimization process of (4.5), we experienced that, 

Levenberg-Marquardt nonlinear minimization algorithm yields satisfactory results to 

determine the unknown coefficients of (4.5) [67, 68]. Once the analytic form of 𝑅(𝛺) 

is determined, use of parametric approach returns with the realizable analytic form of 

𝐾(𝜆) =
𝑎𝑚(𝜆)

𝑏𝑚(𝜆)
 as described in [50]. Then, 𝐾(𝜆) is synthesized employing the high 

precision Richard synthesis algorithm to generate the matching network topology with 
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the characteristic impedances of the commensurate transmission lines under a vector 

such that  𝑍𝑈𝐸 = [𝑍1 𝑍2 … 𝑍𝑛] as detailed in [55]. 

 PA Design via FDMP Solution 

In this section, we introduce the design of a power amplifier over 500MHz-3GHz 

frequency band with average output power of 10 Watts employing the 𝐺𝑎𝑁 device of 

Wolfspeed-CGH40010F. Its source and load pull data measurement conditions are 

reported in [45]. As detailed in [45], the source and the load pull data measurements 

are made to optimize the output power, gain, saturated output power 𝑃𝑆𝑎𝑡, and power 

added efficiency. During the design process, we solved FDMP successively to build 

IMN and OMN with commensurate transmission lines (i.e., UEs). Eventually, UEs are 

realized using the microstrip technology. 

4.3.1 Design of OMN by solving FDMP 

In designing OMN, the output impedance of the 𝐺𝑎𝑁 transistor is assumed to be equal 

to the complex conjugate of the generated-optimum load-pull impedance 𝑍𝐿𝑃. 

Moreover, a microstrip patch (𝑀𝑙𝑖𝑛𝐷) is placed at the output port for easy access to 

the active device. Referring to Figure 4.3, let 𝑍′𝑜𝑢𝑡(𝑗𝜔) designate the revised output 

port impedance. Then, the fictitious generator impedance 𝑍𝐺𝐹  of OMN is defined as 

the 𝑍′𝑜𝑢𝑡(𝑗𝜔). The 50Ω termination of OMN is accessed over a series capacitor 𝐶0 =

27𝑝𝐹 to confine the delivered power within the passband. Thus, the fictitious load 

termination 𝐾𝐿𝐹 is set to 𝑍′
𝐿(𝑗𝜔), which is the series combination of 𝐶0 with 50Ω as 

shown in Figure 4.3. Hence, we end up with a FDMP to construct OMN. 

GaN Transistor

ZUEO(1) ZUEO(2) ZUEO(N)

MlinD

Co

R
L =

5
0
 
 

ZMlinD

ZOUT(jω)=ZLP*(jω)
ZOUT'(jω) ZL'(jω)

 

Figure 4.3 : Description of the FDMP to construct OMN. 

OMN is designed as described in Section 4.2 in terms of its back-end impedance 

𝑍𝑂𝑀𝑁 =
𝑎𝑂𝑀𝑁−𝑚

𝑏𝑂𝑀𝑁−𝑚
 by setting 𝑛 = 7, 𝑚 = 𝑛, 𝑛𝑑𝑐 = 0, 𝜏 = 0.5 and 𝑇0𝑘 = 0.9. Results 
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of the minimization process is summarized in Table 4.1 and the quality of the power 

transfer from the fictitious impedance 𝑍′𝑜𝑢𝑡  to the 50Ω termination is depicted in 

Figure 4.4 (red-dashed plot). 

Table 4.1 : Optimized analytic impedance function for OMN. 

𝑎𝑂𝑀𝑁−0 1 

𝑐𝑂𝑀𝑁 [−0.006  124.57   64.75  − 41.51  − 39.42    9.43    4.17] 

𝑎𝑂𝑀𝑁−𝑚(𝜆) [0.3366    0.5467    0.5842    0.4375    0.2189    0.0826    0.0167    0.0020] 

𝑏𝑂𝑀𝑁−𝑚(𝜆) [0.0000    0.2519    0.4089    0.3819    0.2380    0.0886    0.0225    0.0020] 

𝑍𝑈𝐸−𝑂𝑀𝑁  [79.83   13.74  121.43   14.90   97.78   30.09   54.10] 

4.3.2 Design of IMN by solving FDMP 

As in the OMN design case, complex conjugate of the fabricated source-pull 

impedance data 𝑍𝑆𝑃(𝑗𝜔) is defined as the fictitious load impedance 𝑍𝑖𝑛(𝑗𝜔) of the 

active device. Moreover, the 𝐺𝑎𝑁 transistor is accessed over a microstripline 

designated by 𝑀𝑙𝑖𝑛𝐺 with length 𝑙 =2.6mm and the width 𝑤 = 5mm. To stabilize the 

power transistor, a lossy 𝑅𝑔//𝐶𝑔 section with 𝑅𝑔 = 10𝛺 and 𝐶𝑔 = 5𝑝𝐹 is connected 

to 𝑀𝑙𝑖𝑛𝐺 in series configuration. It is noted that, initial values of 𝑀𝑙𝑖𝑛𝐺, 𝑅𝑔 and 𝐶𝑔  

are determined to comfortably access and stabilize the device. Nevertheless, these 

initial values may be improved by re-optimization in the post-layout design stage if 

required. Furthermore, to confine and maximize the delivered power within the 

passband, a series capacitor 𝐶𝑖 = 27𝑝𝐹 is attached to the standard generator resistor 

𝑅𝐺 = 50Ω. Hence, we completed the setup of FDMP to construct IMN as depicted in 

Figure 4.5. 

 

Figure 4.4 : Quality of the power transfer measured for IMN and OMN. 
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Figure 4.5 : Description of the FDMP to construct IMN. 

In this case, solution to FDMP yields the back-end impedance 𝑍𝐼𝑀𝑁(𝜆) =
𝑎𝐼𝑀𝑁−𝑚(𝜆)

𝑏𝐼𝑀𝑁−𝑚(𝜆)
 

of IMN, while the other end is resistively terminated. As in the previous section, for 

IMN design, we set 𝑛 = 7, 𝑛𝑑𝑐 = 0, 𝜏 = 0.5 and 𝑇0𝑘 = 0.85. Results of the 

minimization process of (4.5) and synthesis of the optimum realizable back-end 

impedance 𝑍𝐼𝑀𝑁(𝜆) are summarized in Table 4.2. 

Table 4.2 : Optimized analytic impedance function for IMN. 

𝑎𝐼𝑀𝑁−0 1 

𝑐𝐼𝑀𝑁 [0.0031  380.6 − 174.4 − 131.9   82.9   15.4 − 4.9] 

𝑎𝐼𝑀𝑁−𝑚(𝜆) [0.47  0.54  0.55  0.38  0.18  0.064  0.012  0.0015] 

𝑏𝐼𝑀𝑁−𝑚(𝜆) [0.0000  0.56  0.65  0.51  0.27  0.084  0.019  0.0015] 

𝑍𝑈𝐸−𝐼𝑀𝑁 [52.5  12.2  133.2  12.6  120.3  21.3  61.7] 

The quality of the power transfer from the fictitious generator to the input port 𝑍′𝑖𝑛 is 

also depicted in Figure 4.4 (blue plot). Close examination of Figure 4.4 reveals that, 

the generator of Figure 4.5 delivers 85% of the available power to the input port 𝑍′𝑖𝑛 

of the active device CGH40010F.  

TPG and the PAE of the overall PA is re-optimized and simulated in ADS [72]. PA is 

developed on the Rogers 4350B substrate with the relative permittivity 𝜀𝑟 = 3.66 and 

the thickness ℎ = 30𝑚𝑖𝑙 [91]. Commensurate transmission lines are printed on the 

Roger substrate as cascaded microstrip patches with fixed lengths of 𝜃 = 290, which 

corresponds to 𝜏 = 0.5. A re-optimization process is carried out to compensate the 

effect of discontinuities between wider and thinner lines. In the re-optimization 

process, the minimum width of the lines was restricted to 600μm to reduce the 

sensitivity tolerances to the manufacturing precision. Eventually, the schematic of the 

final PA is given in Figure 4.6, and it is built as shown in Figure 4.7. 

The 𝐺𝑎𝑁 transistor CGH40010F was biased to operate in AB Class mode with 𝑉𝐷𝐷 =

28 𝑉𝑜𝑙𝑡𝑠, 𝑉𝐺𝐺 = −2.82 𝑉𝑜𝑙𝑡𝑠, 𝐼𝐷𝐷 = 150 𝑚𝐴. Over the passband, driving input 
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power of the amplifier is kept constant at 𝑃𝑖𝑛 = 29 𝑑𝐵𝑚 level. Simulated and 

measured PA performance are depicted in Figure 4.8. Close examination of this figure 

reveals that the measured average value of TPG is 11.5 dB with ∓0.9 dB fluctuation, 

output power is 40.5 ∓ 1 𝑑𝐵𝑚 and PEA varies between 64.9% and 49.4% in the 

passband. The performance of the actual amplifier is compared with those PAs listed 

in Table 4.3. It is understood that the power amplifier presented in this chapter, 

provides broadest frequency band with minimum gain fluctuation without sacrificing 

the output power and PAE and it is easily manufactured employing the microstripline 

print technology as shown in Figure 4.7. 

27 pF
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5.6 pF

    

GaN Transistor

CGH40010F

Cbypass

Cbypass

VGS
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out
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Figure 4.6 : PA schematic. 

It is noted that one could have used larger series capacitors for 𝐶𝑖 and 𝐶0 to block DC 

biasing currents before the 50-ohm terminations so that IMN and OMN could have 

been constructed employing the Real Frequency-Parametric Approach developed for 

Single Matching Problems. However, in this work, we preferred to use smaller 

component values to confine the delivered power within the passband and to avoid 

parasitic effects due to large component values. Therefore, OMN and IMN were 

designed by solving the Double Matching problems as described by Figure 4.3 and 

Figure 4.5. 

 

Figure 4.7 : Picture of the prototype PA. 
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Figure 4.8 : Measured Performance of the power amplifier. 

Table 4.3 : Comparison of similar PAs published in recent years. 

[Ref]-[Year] 
Frequency 

Band, [GHz] 
Gain [dB] Pout[dBm] 𝐷𝐸/PAE [%] 

[1]-[2022] 0.5-2.8 10-12 40-42.5 𝐷𝐸: 63-69 

[2]-[2018] 1.2-3.6 10.5-12.5 40-42.2 𝐷𝐸: 60-72 

[3]-[2017] 1.8-2.7 9.6-11.2 39.5-42 𝐷𝐸: 64-81 

[4]-[2016] 0.6-3.8 9-14 40-41.9 PAE: 46-75 

[5]-[2016] 0.8-3.05 9.8-13.2 40-43.2 𝐷𝐸: 57.4-79.1 

[6]-[2014] 1.6-2.8 11.9-15.2 40-42.5 𝐷𝐸: 67.5-81.9 

This work 

[2022] 
0.5-3.0 10.6-12.4 39.6-41.4 

𝐷𝐸: 53.4-70 

PAE: 49.4-64.9 

 Conclusion 

This study describes the design procedure of a broadband power amplifier constructed 

with commensurate transmission lines using the concept of “Fictitious Double 

Matching Problem-FDMP”. In this regard, we designed and manufactured a power 

amplifier, using Cree’s 𝐺𝑎𝑁 transistor of CGH40010F over 500MHz-3GHz 

bandwidth. It is exhibited that the manufactured power amplifier provides wider 

frequency band without sacrificing the gain, output power level and the power added 

efficiency over the others encountered in the recent literature. It is noted the Wolfspeed 

device used in this work, is not very sensitive to the second and third harmonics 

mismatches, but otherwise, predistortion techniques may be utilized to design the PA. 
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 CONCLUSION AND RECOMMENDATIONS 

In this thesis, we propose a series of novel procedures to design broadband microwave 

power amplifiers with high gain and high efficiency. The RF power amplifier design 

process starts with the selection and characterization of an active device which must 

provide the desired performance outcomes in demand over a prescribed frequency 

band. The active device may be a GaN  RF power transistor. Once, the active device 

is selected, its non-linear behavior is modeled by means of measuring source-pull and 

load-pull impedance as well as non-linear transistor CAD models. Eventually, based 

on generated source/load pull impedances, the input and the output matching networks 

of the power amplifier is designed for optimum gain and efficiency. At this point, it is 

crucial to note that, for many practical situations, source and load-pull impedances do 

not necessarily belong to realizable positive real functions over the frequency band of 

interest. In this regard, we introduced a novel numerical method to test the given source 

and load-pull data if they are realizable network functions to construct the input and 

the output matching networks. Then, we introduced a new numerical method to assess 

the “Gain-Bandwidth Limitations, GBWL” of the given source and load pull 

impedances employing the Real Frequency Line Segment Technique. Determination 

of GBWL using the source-pull data the power intake performance of the active 

device. In a similar manner, power delivery capability can be obtained by assessing 

the GBWL for the load-pull data. As doing so, a reasonable way determining PI and 

PD capacity of the non-linear device is to go through its numerical gain-bandwidth 

limitations from the input and the  output. This precedure leads us to obtain the best-

optimum and realizable source and load impedance terminations point by point. Then, 

we generate positive real function models for the line-segment based realizable 

optimum source and load pull impedance data, which yields in the optimum input and 

output matching network topologies with component values. The proposed modelling 

algorithm employs the method, what we call is the “Virtual Gain Optimization, VGO”. 

VGO minimizes a convex error function by targeting its global minimum, which in 

turn yields the optimum-realizable source and load terminations of the nonlinear active 

device under consideration. Thus, ultimate power-intake and power-delivery capacity 
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of the nonlinear active device is determined. Modelled positive real functions are 

synthesized as the front-end and the back-end lossless matching networks, yielding the 

optimum power added efficiency and the transducer power gain for the power 

amplifier under consideration.  

In the course of computations, we proposed a new figure of merit to measure the 

power-intake and power-delivery quality of an active device, so called “Power-

Performance-Product (in short PPP or 3P) based on the (GBWL) of the given 

source/load pull impedances. In this regard, we concluded that, if PPP<25% the 

transistor is useless to design for desired frequency band. 

In the research work through this thesis, we completed theree designs employing the 

proposed methods. In the first part, we exhibit the implementation of the proposed 

immittance realizability test procedure and the design of an “optimum performance 

power amplifier algorithm” using the Real Frequency Line Segment Technique over 

0.8GHz − 3.8GHz bandwidth which ideally receives average of 65.07% of the 

available power of the resistive input excitation and delivers the 94.78% of the 

transistor’s output power to a resistive load.  

In the second part, employing the proposed sequential design method step by step, we 

constructed an AB-Class power amplifier over 800𝑀𝐻𝑧 − 3𝐺𝐻𝑧 bandwidth. We 

determined the optimum realizable source and load impedances data via the virtual 

gain optimization. Then, the optimum source and load impedance data is modelled as 

realizable network functions. Generated realizable network functions are synthesized 

using the Darlington synthesis which in turn yields optimum input and output matching 

network topologies with component values. Eventually, the designed power amplifier 

is manufactured. It is shown that the designed power amplifier offers 38.8dBm to 40.05 

dBm output power, maximum of 70.6% at 800 MHz and a minimum of 49% at 3.0 

GHz power added efficiency with a nearly flat transducer power gain of 𝑇 = 11.4 ±

0.6 𝑑𝐵 over the 800MHz-3GHz bandwidth.  

In the third part, a broadband power amplifier is constructed with commensurate 

transmission lines using the concept of “Fictitious Double Matching Problem-FDMP”. 

It is shown that a fictitious matching problem can be defined between the artificially 

generated non-Foster passive immittances, over a lossless equalizer [E]. These 

immittances may be source-pull or load-pull impedances to design microwave power 
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amplifier. In this regard, we designed and manufactured a power amplifier, using the 

𝐺𝑎𝑁 transistor over 500MHz-3GHz bandwidth. It is exhibited that the manufactured 

power amplifier provides high gain, output power level and the power added efficiency 

over a  broadband frequency  

It should be noted that, in the case of a broadband PA operation, harmonics of the 

fundamental signal may appear in the pass-band inevitably. This fact may increases 

the non-linearity of the PA and brings the definition of harmonic-tuning. The SP/LP 

data used in this work is generated for optimum gain, saturated-output-power Psat, and 

power added efficiency PAE. However, the data is determined in a way that it is not 

very sensitive to the second and third harmonics mismatches. Therefore, once we 

synthesized the input and the output matching networks, their simulation with the non-

linear model of active device gives a succesful result. But otherwise there can be a 

performance degradation. Hence, we conclude that, to improve the success of the 

proposed technique, harmonically-tuned SP/LP measurement methods and 

predistortion techniques should be studied in the future. 
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