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Abstract—In this paper, 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/delivering performance 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 

assess the gain-bandwidth limitations of the given source and load 

pull impedances for the 45W-GaN power transistor of Wolfspeed 

“CG2H40045” over 0.8 -3.8 GHz bandwidth. 

 
Index Terms—Positive Real Functions, Foster Functions, 

Minimum Functions, Real Frequency Techniques, Broadband 

Matching, Gain-Bandwidth Limitation, Broadband Power 

Amplifier, GaN Transistor 

I. INTRODUCTION 

OR wireless communication systems, it is essential to 

design power amplifiers (PA) for variety of applications [1-

6]. Nowadays, it is a common practice to employ Gallium 

Nitrate (𝐺𝑎𝑁) transistors due to their high-power delivering 

capacity [7-11]. 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 (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.  

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 
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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 frequencies are designated by 𝑓 =
𝑓𝑎

𝑓𝑎0
, 

which is equal to normalized angular frequencies 𝜔 =
2𝜋𝑓𝑎

2𝜋𝑓0
=

𝑓. 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). Normalized frequencies are designated by 𝑓 or 

equivalently normalized angular frequencies is designated by 

𝜔 = 2𝜋𝑓. 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 generated 

SP and LP terminations optimize the 𝑇𝑃𝐺 as well as the 𝑃𝐴𝐸 

of the amplifier under consideration. Obviously, source and 

load 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 Fig. 1. 

In section II, 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)” [12-

15]. During the numerical performance assessments process, 

we introduce an original tool called “Virtual Gain Optimization 

(VGO)”.  In sections III and IV,  “Gain-Bandwidth Limitations 

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

the Cree CG2H-40045 𝐺𝑎𝑁 power transistor is determined over 

0.8𝐺𝐻𝑧 − 3.8𝐺𝐻𝑧 bandwidth respectively. In Section V, we 

introduce a new definition to assess the Power-Intake and 

Power-Delivery performance of an active device. Finally, the 

paper is concluded in Section VI.  

II. 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 
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immittances of [16] 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 Fig. 2, where 

the virtual load 𝐾𝑉𝐿(𝑗𝜔) = 𝑅𝐿𝑉(𝜔) + 𝑗𝑋𝑉𝐿(𝜔) is the complex 

conjugate of the immittance data to be modelled using the Real 

Frequency Line Segment technique [14]. In this case, the virtual 

load 𝐾𝑉𝐿(𝑗𝜔) is expressed as 

𝑅𝐿𝑉(𝜔) = 𝑅(𝜔) (1a) 

𝑋𝑉𝐿 = −𝑋(𝜔) (1b) 

Referring to Fig.2, 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 such that  

𝑋𝑚(𝜔) = 𝑅∞ +
2𝜔

𝜋
∫

𝑅(𝑦)

𝑦2 − 𝜔2
𝑑𝑦

∞

0

= 𝐻{𝑅(𝜔)} (2) 

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

linearized as shown in Fig. 3. In Fig. 3, 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 Fig. 3, 

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 (3) 

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) is derived as 

𝑋𝑚(𝜔) = ∑ 𝛽𝑗(𝜔)∆𝑅𝑗

𝑁−1

𝑗=1

≜ 𝐻{𝑅(𝜔)} (4a) 

where ∆𝑅𝑗 and 𝛽𝑗(𝜔) is given by 

∆𝑅𝑗 = 𝑅𝑗+1 − 𝑅𝑗 (4b) 

𝐹𝑗(𝜔) = (𝜔 + 𝜔𝑗) 𝑙𝑛(|𝜔 + 𝜔𝑗|)

+ (𝜔 − 𝜔𝑗) 𝑙𝑛(|𝜔 − 𝜔𝑗|) 
(4c) 

𝛽𝑗(𝜔) =
1

𝜋(𝜔𝑗 − 𝜔𝑗+1)
[𝐹𝑗+1(𝜔) − 𝐹𝑗(𝜔)] (4d) 

It is noted that (3) and (4) are easily programmed in MatLab. 

Thus, one can generate a minimum function 𝐾𝑚(𝑗𝜔) point by 

point from its real part 𝑅(𝜔) as it is specified in the form of 

line-segments without using any analytic forms. Resulting 

𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔) is for sure positive real.  

Referring to Fig. 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 ], 
which is sampled at the break frequencies 𝑊𝐵𝑅 =

[𝜔1 𝜔2 𝜔3 … 𝜔𝑁−1 𝜔𝑁]. 𝑅𝑄(𝜔) is evaluated using (3)  and 

𝑋𝑄(𝜔) is generated employing (4). 

The unknown break points [𝑅1 𝑅2 𝑅3 … 𝑅𝑁−1 𝑅𝑁 ] are 

determined to optimize the transducer power gain which is 

given by 

𝑇(𝜔) =
4𝑅𝑄𝑅𝐿𝑉

(𝑅𝑄 + 𝑅𝐿𝑉)
2

+ (𝑋𝑄 + 𝑋𝐿𝑉)
2

=
4𝑅𝑄𝑅

[𝑅𝑄 + 𝑅]
2

+ [𝐻(𝑅𝑄) − 𝑋]
2 

(5) 

During the optimization process, we target a flat gain level 

𝑇0 to minimize the error function 휀(𝜔) = 𝑇(𝜔) − 𝑇0 over the 

frequency band of interest. The ideal solution is the unity 𝑇𝑃𝐺 

(i.e., 𝑇(𝜔) = 1) over 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 over the passband. During 

optimization, the error function may be expressed in terms of 

the unknown break points as 

휀(𝜔) = 𝑇(𝜔) − 𝑇0

=
4𝑅𝑄𝑅

[𝑅𝑄(𝜔) + 𝑅(𝜔)]
2

+ [∑ 𝛽𝑗(𝜔)∆𝑅𝑗
𝑁−1
𝑗=1 − 𝑋(𝜔)]

2 − 𝑇0 (6a) 

or equivalently, 

Front-End
Matching 
Network 

[F]

GaN
Power 

Transistor

Back-End
Matching 
Network 

[B]

EG

RG

RL

ZL: Realizable Load ImpedanceZS: Realizable Source Impedance
 

Fig. 1.  A typical microwave power amplifier with realizable source and load 

impedances 𝑍𝑆 and 𝑍𝐿. 

EEG KVL

R=1  

KQ(jω)=RQ(ω)+jXQ(ω)  
Fig. 2.  A virtual single matching problem to model a measured immittance 

data 𝐾(𝑗𝜔) by setting 𝐾𝑉𝐿 = 𝑍∗. 

 
Fig. 3.  Piecewise linearization of the Real part 𝑅(𝜔) of a minimum function 

𝐾𝑚(𝑗𝜔) = 𝑅(𝜔) + 𝑗𝑋𝑚(𝜔).  
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휀(𝜔) = 4𝑅𝑄𝑅 − 𝑇0 {[𝑅𝑄(𝜔) + 𝑅(𝜔)]
2

+ [∑ 𝛽𝑗(𝜔)∆𝑅𝑗

𝑁−1

𝑗=1

) − 𝑋(𝜔)]

2

} 

(6b) 

In (6), 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 (3).  

It must be noted that 휀(𝜔) is a quadratic/convex function in the 

unknown break points 𝑅𝑗. Therefore, the numerical 

minimization process is always convergent, and it is possible to 

hit global minimum of 휀 yielding the “best solution for the 

break points with the highest value of the minimum of the 

passband gain”. Based on the last statement, the following 

sub-section is presented to assess the numerical gain bandwidth 

limitation of the given immittance data. 

A. The Best Transducer Power Gain T(ω) 

Referring to Fig. 2, 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 (5), which is optimized over the 

specified normalized angular frequency bandwidth 𝐵  such that 

𝐵 = [𝜔𝑐2 − 𝜔𝑐1]. 
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.  

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.  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 (6), 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 휀(𝜔, 𝑇0(𝑘)) of (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 knowns is always crucial. Therefore, in the next subsection 

we present initialization of the unknown break points 𝑅𝑗 for the 

minimization of the error function 휀(𝜔, 𝑇0(𝑘)) for a fixed 𝑇0. 

B. Initialization of the Nonlinear Minimization Process 

Before we introduce the optimization process, for a selected 

flat gain level 𝑇0 and normalized break frequencies {𝜔1, 𝜔2,
𝜔3, … 𝜔𝑁}, the unknown break points {𝑅1, 𝑅2, 𝑅3, … 𝑅𝑁} must 

be initialized. To maximize 𝑇(𝜔) of (5), the reactance term 

(𝑋𝑄 − 𝑋) is set to zero to derive the initials break points 𝑅𝑖𝑛𝑡−𝑗 

such that 

𝑇0 ≈
4𝑅𝑄𝑅

[𝑅𝑄 + 𝑅]
2 (7a) 

or 

𝑅𝑖𝑛𝑡−𝑗 = 𝑅(𝜔𝑗) [
2 − 𝑇0 + 2𝜇√1 − 𝑇0

𝑇0
] ≥ 0 (7b) 

In (7b), 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. 

C. Minimization of the error function: 휀(𝜔, 𝑅1, 𝑅2, … , 𝑅𝑁−1) 

We use MatLab’s nonlinear equation solver which is called 

“𝑙𝑠𝑞𝑛𝑜𝑛𝑙𝑖𝑛” to minimize the sum of square errors 𝜖 such that 

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

𝑁𝑠

𝑟=1

 (8) 

In (8), 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 [17-19]. 

During minimization of sum of squares error, 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 Fig. 2 is considered, and its virtual 

gain is optimized. This process is called the “Virtual Gain 

Optimization” or in short “VGO”. 

At this point, it is important to re-emphasize that the error 

function of (6b) is a convex function of the unknown break 

points 𝑅𝑖, regardless it’s total numbers. Therefore, Algorithm 

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. 
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Eventually, optimum-realizable source/load pull 

impedances are obtained as the output of the Algorithm. 

III. GAIN BANDWIDTH LIMITATION OF THE SOURCE-

PULL IMPEDANCE FOR CREE CG2H40045 𝐺𝑎𝑁 TRANSISTOR 

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

capability of the 𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑/𝐶𝑟𝑒𝑒_𝐶𝐺𝐻240045  𝐺𝑎𝑁 

transistor at its input with the given source-pull data in [16]. 

Transistor is driven by a generator with 𝑅0 = 50 𝑂ℎ𝑚 internal 

resistance. In this regard, it is desired to determine the gain-

bandwidth limitation of the given source-pull impedance as 

detailed in the previous section. User defined passband is 

specified over 𝑓𝐶1 = 800𝑀𝐻𝑧 and 𝑓𝑐2 = 3.8 𝐺𝐻𝑧. In this case, 

we select the normalizing frequency 𝐹0 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 is numerically assessed via 

employing RF-LST algorithm programmed in MatLab.  

Results of the sequential optimization of 𝑇𝑃𝐺 are depicted as 

in Fig. 4. The RF-LST based Gain Bandwidth Limitation 

appears to be at max (𝑇𝑚𝑖𝑛) = 0.6390 with 𝑟 = 2, or 

equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.6507 ∓ 0.0117. Optimized break 

points 𝑅𝑄𝐿𝑆𝑇−𝑆𝑃 and its corresponding Hilbert Transform 

𝑋𝑄𝐿𝑆𝑇−𝑆𝑃 is depicted in Fig. 5a and 5b respectively.  

Referring to Fig. 4, 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. 

IV. GAIN BANDWIDTH LIMITATION OF THE LOAD-PULL 

IMPEDANCE FOR CREE CG2H40045 𝐺𝑎𝑁 TRANSISTOR 

In this section, we will investigate the power delivering 

capability of the 𝑊𝑜𝑙𝑓𝑠𝑝𝑒𝑒𝑑/𝐶𝑟𝑒𝑒_𝐶𝐺2𝐻40045  𝐺𝑎𝑁 

transistor at its output-port using the optimum load-pull 

impedances given in [16]. 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 is numerically 

assessed via RF-LST employing our MatLab program.  

  The RF-LST based Gain Bandwidth Limitation appears to 

be at max (𝑇𝑚𝑖𝑛) = 0.9328 or equivalently, 𝑇𝑚𝑒𝑎𝑛 = 0.9478 ∓

  
(a) Optimized 𝑅𝑄𝐴(𝜔). (b) 𝑋𝑄𝐴(𝜔) = 𝐻{𝑅𝑄𝐴(𝜔)}. 

Fig. 5.  Optimized minimum 𝑍𝑄𝐴(𝑗𝜔) = 𝑅𝑄𝐴(𝜔) + 𝑗𝑋𝑄𝐴(𝜔). 

  
(a) GBWL by sweeping 𝑇0(𝑘) obtained for the source pull data. (b) The best TPG obtained for 𝑇0 = 0.65. 

Fig. 4.  GBWL for the optimum source pull data. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

5 

0.015 with corresponding loop index r=8. 

The results of sequential optimization of 𝑇𝑃𝐺 is depicted in 

Fig. 6. Optimized break points 𝑅𝑄𝐿𝑆𝑇−𝐿𝑃 and its corresponding 

Hilbert Transform 𝑋𝑄𝐿𝑆𝑇−𝐿𝑃 is depicted in Fig. 7a and 7b 

respectively. 

Referring Fig. 6, 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. 

V. POWER PERFORMANCE PRODUCT OF AN ACTIVE DEVICE  

Considering the results of Section III and Section IV, 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 (9a) 

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 (9b) 

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

band gains which corresponds to [𝐺𝐵𝑊𝐿]𝑆𝑃 and [𝐺𝐵𝑊𝐿]𝐿𝑃 

respectively. 

By Fig. 4. and Fig 6., for Cree CG2H40045, (𝑃𝑃𝑃)𝑚𝑒𝑎𝑛 =
0.6507 × 0.9478 = 0.6167 (i.e., ~61.7%) and (𝑃𝑃𝑃)𝑚𝑎𝑥 =
0.6624 × 0.9628 = 0.6378 = 63.8%. 

VI. 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, source and load pull 

impedances placed on the Smith Chart, do not necessarily 

belong to realizable positive functions (PR) 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 performance of the active device may 

be 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 paper we introduced a new numerical 

method to assess the “Gain-Bandwidth Limitations (GBWL)” 

 

 
(a) GBWL of LP by sweeping 𝑇0(𝑘). (b) The best TPG obtained for 𝑇0 = 0.95. 

Fig. 6.  GBWL for the optimum load pull data. 

  
(a) Optimized 𝑅𝑄𝐴(𝜔). (b) 𝑋𝑄𝐴(𝜔) = 𝐻{𝑅𝑄𝐴(𝜔)}. 

Fig. 7.  Optimized minimum 𝑍𝑄𝐴(𝑗𝜔) = 𝑅𝑄𝐴(𝜔) + 𝑗𝑋𝑄𝐴(𝜔). 
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of the given source and load pull impedances employing the 

real frequency line segment technique. In this context, gain 

bandwidth limitations of the given source and load pull 

impedances yield 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 Cree’s CG2H40045 GaN transistor, we exhibit 

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.  
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