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Abstract 

Medical hyperthermia refers to heating of tumors to temperature levels which are lethal to the cells for 

sufficient periods of time or rendering the cancerous cells more sensitive to ionizing radiation or 

chemotherapy. In order to increase the temperature in cancerous tissues, high power solid state 

microwave amplifiers need to be used. 

Recently ultra wide-band and continuous wave microwave methods have received increasing 

attention. Using adaptive focusing annular phase array applicators the radiation pattern can be adjusted 

according to tumor size and seating depth.  For this purpose power amplifiers operating across 

300MHz-1000MHz having a minimum output power of 150W needed to be designed. By varying the 

operating frequency the penetration depth can be controlled. Since currently 12 (with plans to increase 

the number to 18) of these amplifiers will be operating simultaneously in the designed system, the 

power added efficiency of the amplifier will be important both to regarding the cost of electricity and 

also allow for easier cooling requirements and thus a more compact system. The aim in this project is 

to have an efficiency of 60% across the band. 

In this thesis a power amplifier working in a push-pull configuration, designed using an NXP LDMOS 

device (BLF-647P) capable of delivering 200W RF power is demonstrated. During this thesis, 

different power combining topologies were studied using a nonlinear model that was developed in 

ADS using basic data provided by NXP. Using the developed model, load pull simulations have been 

performed and the input, two output matching networks are designed based on results from the load 

pull simulations. 

The design was manufactured and mounted on a copper base plate designed for this work which 

allowed efficient water cooling as well as serving as a fixture to firmly attach the matching circuits to 

the transistor and connectors. The measurements show that the design is capable of delivering more 

than 125 W from 360-940 MHz in pulsed mode operation with a mean efficiency of 50% which was 

measured in continuous mode.  

This work has demonstrated a high power wideband amplifier with high efficiency needed to drive 

future hyperthermia systems. The high efficiency of the amplifier allows for modern hyperthermia 

systems to be built in a more compact configuration with lower operating cost, which would not be 

possible with commercially available amplifiers. 
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Abbreviations 

ADS Advance Design System 

CW Continous wave 

DC Direct Current 

DUT Device Under Test 

FET Field Effect Transistor 

GPIB General Purpose Interface Bus 

HF High Frequency 

LDMOS Laterally Diffused Metal Oxide Semiconductor 

PA Power Amplifier 

PAE Power Added Efficiency 

Pdel Power delivered 

RF Radio Frequency 

SMD Surface Mount Device 

VNA Vector Network Analyzer 
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1 Introduction 

In this section an introduction to hyperthermia and motivation behind the needed bandwidth and 

power is given. The system which the amplifier will be used in will be explained in the next section 

and finally the motivation behind this project is explained. 

1.1 Hyperthermia 

Cancer is one of the leading causes of death. According to reports by the World Health Organization 

(WHO), in 2005 cancer accounted for 13% of all deaths[1]. As of today, surgery is the most effective 

treatment for cancer with chemotherapy and radiotherapy becoming more and more effective. 

Radiation therapy is likely to improve as medical imaging improves which facilitates targeting 

cancerous cells. Some clinical  phase III studies have demonstrated that the use of hyperthermia along 

with radiotherapy and chemotherapy has improved clinical results [2–8].  Medical hyperthermia refers 

to intentionally increasing the temperature of the cancerous tissue. Temperatures  between  41-45˚C 

are cytotoxic to the tumor cells, this mechanism is not fully understood yet [9]. Generally tumors do 

not have adequate blood vessels, making it difficult to transfer the dissipated heat away from the 

tumor whereas the healthy tissues surrounding the tumor have sufficient blood flow allowing efficient 

cooling.  In order to increase the temperature in cancerous tissues, high power solid state microwave 

amplifiers need to be used, with travelling wave tubes being ruled out due to bandwidth constraints. 

A hyperthermia system using time-reversal has been developed at Chalmers University of 

Technology. This system is briefly explained in the next section, detailed explanation can be found in 

[9–11]. The current system consists of 12 channels with a total effective output power of 100 W 

operating over 300-1000 MHz. The choice of frequency range is explained in detail in [9]. For this 

system to be used as a clinical version, the power amplifiers needed to be replaced with amplifiers 

capable of delivering higher power levels. 

1.2 Chalmers Hyperthermia System Description 

The hyperthermia system developed at Chalmers is illustrated in Fig.  1-1. The signal generator 

produces a pure sinusoidal signal within 300-1000 MHz. The signal from the generator is pre-

amplified using a medium power amplifier (MPA) before being divided into 12 channels using a 

power divider. This MPA will compensate for the drop in power level from the generator to the input 

of the amplifiers resulting from the divider and cable losses. Secondly, by having a lower output from 

the signal generator reduces the harmonic distortion in the generated signal. 
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2 Radio Frequency Power Amplifier 

In this chapter a brief description of Radio Frequency (RF) Power Amplifiers (PA) is given and some 

figures of merit e.g gain and efficiency are explained. Next, different classes of amplifiers are 

presented. Load-pull is briefly explained after that. Push-pull amplifiers and balanced amplifiers are 

explained and a brief comparison is made in the next section. In the final section of this chapter odd-

even mode currents are introduced and finally a presentation on balun operation and how to increase 

the operating frequency is given. 

2.1 Power Amplifiers 

Radio Frequency Power amplifiers are responsible for transforming DC power into RF power.  A 

general schematic of a power amplifier is shown in Fig.  2-1. The source having an impedance of ZS Ω 

is connected to the active device using the input matching network. The active device is biased by the 

DC power supply. The DC power supply provides the needed DC power for the operation of the 

amplifier. The active device is matched to the load having an impedance of ZL Ω through the output 

matching network. A suitable device needs to be chosen for each application capable of fulfilling the 

design goals. Design of matching networks for desired operation over the bandwidth is made based on 

the selected device. 

 

 
Fig.  2-1: Simple schematic of a power amplifier. 

2.2 Gain 

There exist different definitions for gain of an amplifier. Transducer power gain ( ), operating power 

gain ( ) and available power gain ( ) [15]. These definitions are provided in Eq. 1.1-3 

    ( 2.1) 
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    ( 2.2) 

    ( 2.3) 

 

 

Higher gain amplifiers eliminate the need for multi stage amplifiers which complicates the design 

process, increases the manufacturing cost, number of components and overall size of the circuit, 

however getting the highest gain out of a single device over a wide bandwidth is a very challenging 

task, therefore power combining methods will be explained in section 2.5.  

2.3 Efficiency 

Efficiency of the PA is the percentage of the input DC power converted into RF power and the rest 

dissipated as heat. There are different definitions for efficiency of RF PA’s to evaluate efficiency of 

power amplifiers [15]. Drain efficiency is defined as the ratio of the output power to the DC power 

consumed by the device. 

    ( 2.4) 

This definition is independent of the amount of RF power being fed to the amplifier and does not take 

the gain of the amplifier into consideration. Power Added Efficiency (PAE) is the ratio of the output 

RF power subtracting the input power dividing by the consumed DC power. 

    ( 2.5) 

PAE is one of the main criteria for amplifier performance evaluation. 

The maximum efficiency of an amplifier is achieved when the load impedance is at an optimum level, 

making this task very difficult for wideband amplifiers as it is a challenging task to design a circuit 

providing optimum load impedance over a wide bandwidth. 

2.4 Class of Operation 

There exist different classes of power amplifiers each having different levels of linearity, efficiency 

and output power capabilities. Therefore, for each specific application, according to limitation set on 

linearity, efficiency and output power a suitable class of operation needs to be chosen. 

Class A, B, AB and F are considered as the main classes of amplifiers for wireless communications as 

they are linear. Class C, D and E  allow for higher efficiency levels but sacrificing linearity and 

depend on careful treatment of both fundamental and harmonic frequency components in the design of 
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the load networks [16]. This makes class D, E, F amplifiers not suitable for more than octave 

wideband amplifiers, such as in our application. In This section we will explain class A, B, AB and C 

amplifiers. 

2.4.1 Class A operation 

The ideal transfer characteristic of a FET is shown in Fig.  2-2. This device exhibits a perfectly linear 

response between cutoff and saturation. If the bias point is chosen so that the input signal swing never 

exceeds the linear region, the amplifier will always operate as a linear device, resulting in an output 

signal which is a replica of the input signal with no harmonic creation. 

 
Fig.  2-2: FET transfer charateristics. The Solid line is a 

strongly nonlinear response while the dashed line 
represents a more realistic weakly nonlinear response- 

Therefore, for a linear operation, the drive signal swing should be kept within the linear region. But in 

reality a real device will not be perfectly linear in the linear region and weak non-linearity exists as 

shown by the dashed line in Fig. 2-2. By increasing the input drive level, the input signal will swing 

into the non-linear region resulting in harmonics generation. However, the reactive matching network 

is usually a band pass filter, suppressing the harmonics generated in the device, thus still exhibiting a 

linear input/output relationship. Class A amplifier has a conduction angle of 2π meaning it conducts 

over the whole cycle of the input signal. As the device is always conducting, there is a large quiescent 

current running through the device and being dissipated as heat which in turns decreases the efficiency 

level. A class A amplifier has a maximum theoretical efficiency of 50% [17]. 

2.4.2 Class B operation 

In a class B amplifier, the device is biased on the edge of conduction with the input signal driving the 

device into conduction during positive half-cycles; a class B amplifier has a conduction angle of 180˚ 

or π radians. Since the device is not conducting in the absence of an input signal or when the input 

signal is below the threshold, the quiescent current is zero resulting in a very low heat dissipation and 

higher efficiency. The maximum theoretical efficiency of a class B amplifier is 78.5% [17], a class B 

operation is shown in Fig.  2-3.   
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Fig.  2-3: Class B operation. 

2.4.3 Class AB Operation 

As explained briefly in the previous section, the crossover distortion can be minimized or eliminated 

by increasing the gate voltage and allowing for a small quiescent current to flow in the device. This 

leads to the device being biased in class AB. Due to the higher quiescent current compared to class B 

there will be a reduction in the theoretical efficiency level which can be reached, however this 

reduction in efficiency allows for a better linearity in amplifier performance. The angle of conduction 

for a class AB amplifier is between π to 2π. Depending on the angle of conduction the amplifier can 

have a theoretical efficiency from 50% (if biased as a class A amplifier) to 78.5% (if biased as a class 

B amplifier). 

2.4.4 Class C Operation 

In a class C amplifier, the device is biased in a way that the device is conducting for less than half of 

the input signal, this is shown in Fig.  2-4. In other words the conduction angle is smaller than 180˚ 

which enhances the efficiency but results in stronger nonlinearity and a lower gain. Because of the low 

gain in a class C amplifier this class of operation will not be used in this project. 
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Fig.  2-4: Class C biased amplifier. 

 

2.5 Load-pull 

It is known that by varying the reflection coefficient of the input and output matching network, the 

output power and efficiency of the Device Under Test (DUT) will vary.  A typical load pull setup is 

shown in Fig.  2-5 which allows for different reflection coefficients to be presented to the DUT. The 

optimum reflection coefficient which yields maximum power or highest efficiency is represented by a 

single point on the Smith chart. However, by allowing some decrease in the output power e.g. 1 dB, 

there will be more than one point that can be presented to the device and yield the power (1 dB below 

the maximum output power). A load pull measurement setup consists of tuners which provide a range 

of reflection coefficients at the source and load of the DUT.  By sweeping a range of reflection 

coefficients at the source and load and measuring the output power and efficiency delivered to the 

load, contours can be plotted on the Smith chart for equal power or efficiency levels [16]. The 

frequency range and power levels which the setup can measure depend on the operating range of the 

tuners. By connecting these points contours can be plotted on the Smith chart which deliver same 

power levels eg. 1 dB lower than maximum available power. A similar plot can be made for efficiency 

levels. By plotting the Power Delivered (Pdel) and Power Added Efficiency (PAE) contours on the 

Smith chart for different frequencies, the designer will have a good idea of how to design the matching 

network.  
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Fig.  2-5: Load Pull measurement setup. 

It is possible to perform load pull simulations using a nonlinear transistor model. The accuracy of 

simulations will depend on the accuracy of the transistor model. A nonlinear model was developed for 

the device being used in the project which is explained in detail in section  3.2. Using the nonlinear 

model, load pull simulations can be performed to aid circuit design, this is explained in section  3.3. 

Since for wideband PA design, both fundamental and harmonic impedances have to be considered for 

PA performance, harmonic load pull may be used for high efficiency PA design. 

2.6 Power amplifier architectures 

Most high power amplifiers use power combining techniques to achieve the required power levels. 

Several devices in individual packing or in the same package are thereby used together to achieve the 

required output power [18]. In this section two common power combining techniques, namely push-

pull and balanced architectures, will be explained along with a brief comparison and motivation for the 

choice in this project. 

2.6.1  Push-pull 

Push-pull operation is a very old technique for achieving higher power levels, going back to the early 

days of vacuum tubes. In applications where the input signal is a complex time varying signal (e.g. 

audio signals), the signal has to be preserved during the amplification process. A single ended class B 

amplifier will wipe out the negative excursion of the signal. This is the main motivation behind the 

development of a push-pull amplifier. A push pull configuration consists of two identical devices 

biased as a class B amplifier, being driven by two input signals which are 180˚ out of phase (see Fig. 

2-6). Device A amplifies the positive excursion of the input signal and device B amplifying the 

negative excursion of the input signal. A power combiner at the output is used to combine the 

amplified signals of the two devices ready to be delivered to the load, each device contributing to half 

the total output power. Since each device is biased as a class B amplifier there will be improvements 

regarding efficiency and heat management compared to using a single class A biased amplifier. 
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One of the main benefits of the push-pull operation is that the fundamental frequency current will be 

equal and opposite for the two devices, but for the second harmonic the currents will be in phase 

creating an open impedance for the second harmonic. Hence, when connected to a balanced load, no 

power is dissipated at the even harmonic frequencies.  

Another attractive property of a push pull configuration is that the impedance presented by the push-

pull pair at the output and input is double of what is presented by a single ended device. Also at the 

input, the Gate-Source junctions of the two devices seem to be connected in series, and at the output 

the load line value will be double the value compared to a single ended device. When compared with 

the impedance of a parallel pair where the impedance is half one of the advantages of push-pull 

amplifiers becomes clear. One of the key elements in a push-pull architecture is the so called Balun 

(BALanced UNbalanced), see Fig. 2-11. The role of the balun is to transform an unbalanced signal, 

which is referenced to ground  to a balanced signal  [19].  The impedance of the balanced lines is 25 Ω 

being half the impedance from the unbalanced line which is 50 Ohm. So it can be concluded that a 4:1 

impedance (2:1 compared to the devices being connected as parallel pair and a 2:1 transformation 

from the balun) advantage for a push-pull configuration when compared to simply connecting two 

devices in parallel. This impedance transformation is very valuable when the input impedance of the 

devices is very small allowing for better impedance transformation[16]. 

 Because of the importance of the balun in push-pull amplifiers, it will be explained in detail in the 

next section.  

 

  

 

Fig.  2-6: Block Diagram of a push-pull amplifier. 

A block diagram of a push-pull amplifier is illustrated in Fig.  2-6. Device A and B are identical, each 

contributing to half the total output power.  

To summarize the advantages of a push-pull amplifier it can be said that there exists a virtual ground 

between the upper branch and lower branch for the fundamental frequency, which will allow for 

simpler and more compact design and layouts. Even harmonics experience an open circuit resulting in 

higher efficiency and output power. Another advantage is the four times higher device impedance 

(input impedance Gate to Gate and output Impedance Drain to Drain). Disadvantages for a push-pull 
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amplifier can be that the baluns used at the input and output do not eliminate the reflected power by 

the device. The isolation provided by the balun between the two devices is therefore only 6 dB which 

can cause stability problems [19]. 

2.6.2 Balanced Amplifiers 

Another configuration for high frequency power amplifiers is the balanced amplifier. A block diagram 

of a balanced amplifier is shown in Fig.  2-7. 

 
Fig.  2-7: Block diagram of a Balanced amplifier. 

 It deploys a quadrature coupler (instead of a balun in the push-pull amplifier) at the input and output 

with a 90˚ phase difference between the two output ports of the couplers. The input signal is split and 

one branch is 90˚ shifted, amplified and then combined and delivered to the load through another 90˚ 

coupler. Due to the created phase shift, the reflected signals pass through the coupler and appear in 

anti-phase and thus are cancelled at the isolated port while the load connected to the third port will 

receive the sum of the two signals. This cancellation of any mismatch is considered as one of the main 

advantages of the balanced amplifier. Assuming that the couplers are identical regarding amplitude 

and phase response, the match at the input and output will be perfect, regardless of the load presented 

to the amplifier or the match of each PA branch. The 4th port of the directional coupler is terminated 

using a 50 Ω load to ensure reliable operation of the circuit. This termination should be able to handle 

the reflected power both at the input splitter and output combiner. 

The balanced amplifier provides very good isolation between the two branches resulting in better 

stability over the operational bandwidth of the couplers. Since any reflections are absorbed by the 

terminations, the reflections will not affect the matching, providing a constant load for the device. 

However, the 50 Ω termination is an extra component which can be expensive and large for high 

power. Also proper cooling of the termination for high powers should be accomplished usually 

resulting in a heat sink and increased circuit footprint. Also as there is no virtual ground the circuit 

size will be larger. 

2.6.3 Push-pull vs. Balanced Amplifiers 

In narrow band amplifier design, these two approaches yield very similar results [19]. However, in 

wideband applications, the push-pull can achieve higher powers as the second harmonic is open 

circuited, secondly wideband baluns can be realized in a more compact size compared to hybrid 
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couplers which can be quite large at lower frequencies. The push-pull also allows for a transformation 

of the source or load impedance to lower values depending on the balun design. Balun transformers 

can be used to both accomplish the impedance transformation and phase shift of the signals which is 

considered important for high power devices as they exhibit small output impedances. 

Therefore, in this project where the focus is on high power, high efficiency and reasonable size, the 

amplifier will be based on a push-pull configuration. 

2.7 Balun 

The balun is a key component in a push-pull configuration and therefore, in this section, it will be 

explained in detail. This section starts with explaining odd mode and even mode current flows and 

impedances which will help in a better understanding of balun operation. Balun operation will be 

explained in the next section followed by methods to increase the bandwidth of coaxial baluns. 

 

2.7.1 Odd-Even Mode Impedances 

In application where differential signals are desired (such as in a push-pull amplifier), the desired input 

to each device is signals equal in amplitude but opposite polarities creating an odd mode excitation 

[20].  

Current flows which are in phase with each other are referred to as even mode and currents which are 

equal and opposite are referred to as odd mode currents [21].  

 

In order to define odd and even mode impedances, two transmission lines can be assumed, each 

carrying a current of equal amplitude. The two lines are terminated to ground using Ra and Rb. There 

is also an impedance between the pair illustrated as Rc. 

The impedance seen when measuring on one side of a pair of transmission lines being driven by 

identical signal is called the even mode impedance (Zoe). This is shown in Fig.  2-8. As the amplitude 

of the signal is equal on the two sides of Rc there is no current flowing through Rc, the even mode 

impedance is therefore considered to be open circuit. 

 
Fig.  2-8: Even mode impedance 

The impedance seen when measuring the impedance of a pair of transmission lines when the other is 

being driven with an equal but opposite current (odd mode current) is referred to as odd mode 

impedance (Zoo). This is shown in Fig.  2-9. 



Sohil Shahabi Ghahfarokhi Development of a Wideband High Power Amplifier for Cancer Treatment 

12 

 

 
Fig.  2-9: Odd mode impedance. 

In odd mode, the center of Rc will be 0 V, this can be considered as a virtual ground. The model in 

Fig.  2-9 can be further extended as shown in Fig.  2-10. It is clear that the odd mode impedance is 

equivalent to  in parallel with Ra. 

 
Fig.  2-10: Odd mode impedance (extended). 

 

Differential impedance is the impedance between a pair of lines when excited by equal but opposite 

polarity signal. The differential impedance is therefore double the odd mode impedance [21]. 

2.7.2 Balun Analysis 

For a push pull amplifier, the input signals need to be 180˚ out of phase with respect to each other. A 

balun can provide a balanced signal from an unbalanced source at the input and combine balanced 

signals at the output to form an unbalanced signal [16]. In a balanced circuit there will be two currents 

which are equal but opposite on the two conductors. There exist different types of baluns. At low 

frequency transformer baluns, but at RF frequencies coaxial baluns are typically used. Fig.  2-11 shows 

a simple coaxial balun. On the left an unbalanced signal with reference to ground is fed to the balun 

and a balanced signal is available on the other end of the balun. 

 
Fig.  2-11: Coaxial balun. 

The main duty of any balun is to float the ground connection in a way that the impedance measured 

from the balanced end to ground is high enough, compared to the unbalanced end. A semi-rigid 50 Ω 
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line, a quarter wavelength long will accomplish this and the unbalanced signal will suspend the ground 

plane on the balanced side with the outer and inner conductor of the coaxial forming a short circuit 

stub at the resonant frequency [16]. From the balanced side, the stubs place the ground plane to an 

open at the resonant frequency of the stub. 

In Fig.  2-12, the equivalent circuit of a simple coaxial balun is shown. On the balanced side, between 

the inner and outer conductors (which is isolated from the ground) there is much larger impedance, 

compared to the outer conductor and ground.  

 

 
Fig.  2-12: Equivalent circuit of a simple coaxial balun. 

This model can further be extended to a four port network having a differential impedance of Z0 as 

shown in Fig.  2-13. The even mode impedance is infinity and Zo_s1 and Zo_s2 are characterizing the 

impedance to the ground and both even mode impedances being very large. Zo_s1 and Zo_s2 are not 

equal for the non-inverting branch and the inverting branch with Zo_s2 being much larger [22]. 

 
Fig.  2-13: 4 Port equivalent circuit for a coaxial balun. 

One way to increase the impedance of the inner conductor to ground is to place a ferrite on the outer 

conductor of the coaxial cable. The ferrite adds a high and lossy impedance to Zo_s1  providing better 

amplitude balance for the two branches over a wider frequency range and in particular affecting the 

lower frequencies. 

Ferrite beads are manufactured in different shapes and material for different applications. In this work 

we will be using binocular shaped ferrites so that the coaxial can be bent and inserted inside the bead 

to save space. The choice of ferrite material depends on frequency of operation. The material used in 

this application will be a material 61 from Fair-rite © which is suitable for operation above 250 MHz. 

This is the only material available from this manufacturer which covers the intended frequency range 
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300 – 1000 MHz. The transmission model in Fig.  2-13 can be simulated in ADS, using ideal 

components (transmission lines) to show the effect of the ferrite sleeve on balun performance.   
A semi-rigid coaxial cable from Micro-Coax © (UT-141-SA-AL-TP-M17) having a characteristic 

impedance of 50 Ω is used in this work as it both has low losses (0.27 dB/m at 0.5 GHz and 0.4 dB/m 

at 1 GHz), the tin plating on the outer conductor will ease the soldering of the balun to the connections 

compared to cables without the tin plating. The length of the coaxial cable will be a quarter 

wavelength at the center frequency of 650 MHz. The cable dielectric is PTFE which has a єr = 2.1. A 

quarter wavelength line at 650 MHz will correspond to 7.96 cm physical length. Some properties of 

material 61 are shown in Fig.  2-14 up to 1 GHz. 

Property Unit Symbol Value 

Initial permeability  µi 125 

Loss factor@ frequency 
 

MHz μ
 

30 

1 

Temperature coefficient of initial 

permeability (20-70 ˚C) 
%/˚C 

 
0.1 

Resistivity Ω cm ρ  

Fig.  2-14: Properties of the ferrite sleeve material 61 (Courtesy of Fair-rite ©) 

 

The ferrite sleeve used is illustrated in Fig.  2-15. 

 
Fig.  2-15: Dimensions of the ferrite sleeve used (all dimentions in mm) 

 

A coaxial balun with a ferrite sleeve or ferrite core can be simulated in ADS using built in 

components, for this work the balun with a ferrite sleeve will be used. The simulation component in 

ADS requires the impedance of the semi-rigid coaxial which in this work will be 50 Ω, the length of 

the coaxial which will be 79.6 mm, the permeability of the ferrite which is 125. The losses other 

properties of the coaxial cable are also needed which were inserted for the coaxial cable in use. The 

simulation setup is presented in Fig.  2-16 and the results for a ferrite loaded coaxial with a relative 

permeability of 125 is presented with the dashed lines and an unloaded coaxial is shown in solid lines 

in Fig.  2-17. 
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3 Power amplifier design 

In this section a transistor model developed for the transistor used based on measurement data is 

presented. Load-pull simulation results based on the developed model are shown in the next section 

and finally the input and output matching circuits and their design procedure is explained. 

3.1 Transistor Model 

The transistor used in this project is an LDMOS power transistor manufactured by NXP. The 

BLF647P is a broadband power transistor operating from HF up to 1500 MHZ [23]. Although there 

was no transistor model available by the time this project was performed, however some load-pull 

measurements were provided from 1000 MHz to 1300MHz. This data can be seen in Table 1:  

Frequency Zsource (Ω) Zload (Ω) P3dB (W)  Drain Efficiency 

(%) 

1000 MHz 0.76-j3.2 2.7-j1.5 133 71 

1100 MHZ 0.87-j3.6 2.5-j2 136 68 

1200 MHZ 0.61-j4.3 1.9-j2.4 137 71 

1300 MHZ 0.88-j5.1 1.9-j2.8 133 70 

Table 1: Source and Load impedance from load pull measurements. 

Using the load pull measurement data, an input model has been derived as seen in Fig.  3-1. The 0.75Ω 

resistor representing gate source resistance, C1 representing gate source capacitance. The inductance 

can be related to the bond wires and C2 representing the capacitance related to the contact flanges of 

the device package. 

 
Fig.  3-1: Equivalent circuit for the input of the transistor. 

Similarly, an equivalent circuit for the output has been derived and shown in Fig.  3-2. The 2.7 Ω 

resistance can be attributed to the optimal load resistance for the Drain current source of the device, 

C1 representing the drain source capacitance. Similar to the input model L represents the bond wires 

and C2 is the capacitance of the flanges of the package. 
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Fig.  3-2: Equivalent circuit for the output of the transistor. 

These models have been extracted using load pull measurement made at higher frequencies than what 

will be used in this work; however these models are very useful in developing a model which can be 

used in ADS to perform load pull simulations for lower frequencies.  

3.2 ADS Transistor Model 

Using the derived equivalent input, output circuits and I-V data provided in the transistor datasheet 

[23] a simple model was developed. This model will allow us to perform load-pull simulations to find 

the optimum impedances which yield high power and high efficiency. 

Using a 2 port Symbolically Defined Device (SDD) component from ADS, allows for defining the 

device current based on voltages. Vgs will be the voltage at port one of the SDD and Vds is the voltage 

at port two. Ids is defined as a function of Vgs and Vds. Drain current can be expressed using Eq. 3.1 

[24] 

∗ ∗ 	      (Eq.  3.1) 

 

Ipk represents the drain current at maximum transconductance deducting contributions from the output 

conductance. λ is the channel length modulation parameter and α is the saturation voltage parameter. 

Ψ is a power series function around Vpk with Vgs being variable. 

	 ⋯ . .  

It is shown that this model can be used in an LDMOS device as well [25]. The different parameters 

can be approximated using measured I-V data. λ is determined using the slope of Ids-Vds. Ipk was 

found from Cripps load line formula: 

    ( 3.2) 

VDD was assumed to be 28 V and RL=2.7 Ω from the model in Fig.  3-2. Later RL was extracted from a 

simplified version of the output equivalent circuit, in that circuit RL = 2.5 Ω, this circuit will be 

explained in section  3.4. The peak transconductance at 2 V and α=1.  

 

In summary, the developed model is based on Eq.3.3: 
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both branches. The capacitor values in the push-pull configuration are half the values obtained in a 

single branch network. This circuit will be the building block for the design. The model for the balun 

with a ferrite sleeve (cf. Section  2.7) was not used in the optimization process since it would create 

some imbalance in the two branches making the optimization process very cumbersome; instead an 

ideal transformer was used to create a perfect 25 Ω line for each of the branches, this way one branch 

could be optimized with the other branch exhibiting identical behavior.  

 
Fig.  3-10: Schematic of preliminary matching circuit set as a push-pull configuration. 

The preliminary circuit is then optimized so that the input impedance of the matching network has a 

real part of 2-3Ω and an imaginary part to be 0. This can be seen on the load-pull simulations 

illustrated in Fig.  3-4. The load impedance which is on the real axis and in this range will provide 

needed power and efficiency. The optimization was performed first using ideal capacitors and the 

transmission line length and width as parameters. During the optimization, the capacitors used in the 

simulations are ideal capacitors, however real capacitors are not ideal and there exists parasitics in 

them. Due to the parasitic and series resistance in real capacitors, the characteristics of the circuit will 

be affected to some extent if these variations are not taken into account. Real capacitors are measured 

as a 2 port device and the measurement data are usually provided by the vendor in the form of 

Touchstone S2P files.  These S2P files can be used in the simulation to achieve more accurate results, 

the changes in the matching network characteristics can be seen in Fig.  3-11. 

 
Fig.  3-11: Return loss of matching network with ideal and real capacitors. 
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Thus, after inserting the real models for the capacitors; the circuit is again optimized, this time only for 

line width and lengths of the transmission lines to compensate for the changes.  

The capacitors used for the output matching network are ATC 800B series as they have a very low 

Equivalent Series Resistance (ESR) and can handle high output power and a maximum voltage swing 

of 500V, which is suitable for this application. Capacitor models from Modelithics® could also be 

used but the library did not include the capacitor values below 10 pF for the ATC 800B series. Thus, 

for values below 10 pF, the S2P files were used. The input impedance vs. frequency of the final load 

network is shown in Fig.  3-12.  The changes resulting from the real capacitor models can be related to 

the series resistance, series inductance and pad capacitances of the real components, such parasitic 

effects are not reflected in the ideal components. These small parasitics have a higher impact on the 

circuit performance at higher frequencies, this impact is clearly seen in Fig.  3-11. 

 
Fig.  3-12: Input impedance vs. frequency of output matching network. 

3.4.1 DC Feed Design 

During the simulations, an ideal DC feed was used to bias the transistor. After suitable results were 

obtained for the matching network, a DC feed path had to be added to the matching network. 

Different approaches were explored on how to implement the DC biasing without disrupting matching 

network performance. It was observed that placing the DC feed lines close to the drain for the output 

matching network will dramatically influence the input impedance of the network. Placing the DC 

feed lines close to the output where the impedance level is close to 25 Ω will affect the overall 

performance less.  

A high impedance transmission line was used to provide a DC path to the transistor. RF grounding 

will be achieved by connecting capacitors of different values to ground. The DC signal will also be fed 

through inductors to achieve better RF isolation for the DC input. For this purpose, air coil inductors 

GA3095-AL from CoilCraft® were used. These inductors have an inductance of 17.5 nH and can 

handle 7 A of DC current. 
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3.4.2 Output matching 2 

In the simulations performed,  it can be seen that the drain current at peak power is more than 7 A 

which is beyond the current handling capability of the coils. Therefore two coils will be used in 

parallel to prevent heating or possible damage to the coils. The current consumption for each branch is 

illustrated in Fig.  3-13.  

 

 
Fig.  3-13: Drain current for two branches. 

The output matching network has a DC feed line having a width of 1 mm. According to IPC-2211 

[28], a conductor having a cross section of 0.035 mm2  (Conductor thickness is 35 µm, having a width 

of 1mm), with a temperature rise of 100˚C, a maximum current of 7A can pass through the DC feed 

line. However, since in the simulations it was shown that more than 7 A of current will be drawn from 

each DC feed line it could mean that the DC feed lines may not withstand the current passing through 

them, heating up eventually and if the heat is not dissipated, leading to a break down. For this reason, 

a second matching network was designed, based on the initial design but having DC feed lines being  

2 mm wide. These lines should be able to stand more than 10 A of current passing through them. 

Since the 2 mm wide DC feed lines have a lower impedance than then first design, the input 

impedance of the second matching network could not be as constant as the first matching network. 

There is a resonance also seen around 500 MHz which will have an impact on the output power, but 

due to time constraints not much time was spent on the second design to resolve these problems. This 

matching network was designed to have higher input impedance and a negative imaginary part 

compared to the first matching circuit. This will also allow for better understanding on how the 

developed model is working and permit better optimization of the matching networks for future 

designs. 
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Fig.  3-14: Input impedance of second load matching network.  

3.4.3 Momentum Analysis 

After desired results were achieved using schematic components, a layout was generated and based on 

the layout a momentum simulation was performed. Some transmission lines widths were larger than 

accepted for accurate schematic simulation, therefore a Momentum simulation was needed to analyze 

the electromagnetic behavior of the circuit.  

The final layout was adjusted based on the lumped component sizes. Between the two branches ATC 

800B capacitors will be used, therefore the spacing between the two branches was adjusted 

accordingly. The capacitor dimensions can be seen in Fig.  3-15 [29].  

 

 

 

Fig.  3-15: ATC 800B dimensions. 

For the momentum simulation, the substrate was imported from the schematic. The mesh frequency 

and number of cells defines how fine the mesh network over the conductors is, but having a finer mesh 

increases the processing time and resources needed. A mesh frequency of 2 GHz with 40 

cells/wavelength was chosen to perform the Momentum simulations. In the Mesh setting, the mesh 

edges box is checked, this will place finer mesh cells near the edges and in transitions for more 

accurate results. The mesh cells can be seen in Fig.  3-16, smaller cell on the conductor edges and 

transition can be seen. 
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Fig.  3-18: Final layout of output matching network number 1.  
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4 Input matching network 

The input matching design is a very challenging task as the input impedance of the device is very low. 

As illustrated in Fig.  3-1, the device exhibits a very small resistance of 0.72 Ω. Using an approach 

explained in detail in [26], it was seen that trying to find a good match (below 10 dB) over the band is 

not possible and the transformation ratio is too big, therefore a similar approach which was used to 

design the output matching network was chosen for the design of the input matching network.  

 The variations of input impedance versus frequency for the model are shown in Fig.  4-1, as it can be 

seen the input of the device has very small input impedance over the frequency range. 

 
Fig.  4-1: Impedance variations of device input vs frequency. 

The design of the matching network was performed in a similar manner to the output matching, 

attempting to provide input impedance having a real part between 0.7 to 1 Ohm. Since there will be no 

gate current, there is no constraint on the minimum DC feed line width. The minimum trace width 

which could be manufactured was 0.2 mm and this value was chosen for the input matching network 

DC feed lines. RF grounding capacitors were used to prevent RF leakage into the DC power supplies; 

the DC power was also fed through a 10Ω surface mount resistor followed by a 100 Ω wire resistor.  

These resistors will increase the RF impedance further isolating the DC source.  The schematic 

component generated from the layout can be seen in Fig.4.2. 
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Fig.  4-2: Generated component from the input network layout 

 

4.1.1 Momentum Analysis 

Similar to the output matching network, a Momentum simulation was performed but the shift in 

frequency was not significant to require a re-design of the input matching network. By optimizing the 

values of the matching capacitors, the required input impedance was accomplished. 

The capacitors for the input are ATC 600S series dimensions (shown in Fig.  4-3) which are smaller in 

size compared to the 800B series [30]. The spacing between the branches was therefore chosen to be  

1 mm. The layout of the input matching network can be seen in Fig.  4-4. 

 

 

 
Fig.  4-3: ATC 600S dimensions. 
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Fig.  4-4: Input Matching network layout 

 

4.2 Simulation of Output Power and Efficiency  

When acceptable results were achieved for the input and output matching network, the complete 

amplifier operating in a push-pull configuration was simulated in ADS over the frequency range to 

analyze the output power, efficiency, DC power consumption etc. 

The models derived for the input and output matching networks from the momentum simulations were 

used. Modelithics capacitor models for the 800B capacitors where used when available and in cases 
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where the Modelithics library did not contain the needed values, the S2P files from the manufacturer 

were used. The balun was modeled using a Balun with a ferrite sleeve model from the ADS 

component library as described in section  2.7.2. 

A simulation was initially set using a constant input power of 33 dBm at the input. The device was 

biased at Vgs= 1.6 V and Vds = 28 V. A frequency sweep from 300 MHz to 1000 MHz was then 

performed. Equations were set to simulate the output power, power added efficiency, and DC power 

consumption in each branch. For calculating the output power, only power delivered from the 

fundamental tone will be used and the harmonics will not take into account.The output power, 

efficiency and drain currents for matching circuit number 1 are illustrated in Fig.  4-5. The output 

power is very high (>250 W)  for some frequencies but this can be attributed to imperfections in the 

model and such power levels will not be expected during measurements.  This can be due to the gain 

of device is over estimated in the model and the device will not be able to deliver such gain. The 

efficiency is greater than 60% over the band with exceptions in some parts. The DC current 

consumption in the two branches is not completely symmetrical around 800 MHz, this can be related 

to the imbalance between the two branches of the balun showing different impedances at that 

frequency range. 

 
Fig.  4-5: Output power, efficiency and Drain current simulated with a 33 dBm input power for matching circuit No.1. 

Similar plots are made in Fig.  4-6 for the matching circuit no.2 which was designed with wide DC 

feed lines and higher input impedance levels. The output power is not as high when compared to 

circuit no.1, but it tends to be more flat, the overall efficiency is also lower which is as expected since 
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as explained in  3.3 the optimum impedances were used in circuit no.1. The DC current consumption 

also not symmetrical which can be attributed to the balun. 

 
Fig.  4-6:  Output power, Efficiency and Drain current with a 33 dBm input power for matching circuit No.2. 

4.3 Layout and Manufacturing 

The circuit was designed on a Rogers 4350 with a silver coating on the conductors. The substrate 

thickness was 0.5 mm with a conductor thickness of 35 µm. The input matching network was fixed to 

the base plate using six screws. The manufactured input matching network, overall dimensions and 

fixing screw holes can be seen in Fig.  4-7. 

 
Fig.  4-7: Input matching dimensions and fixing screws. 
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The output matching network can be seen in Fig.  4-8. Eight fixing screws have been used to mount the 

matching network on the copper base plate which will be explained in the sext section. 

 
Fig.  4-8: Output matching network number one dimensions and fixing screws. 

The complete list of components needed for the input and output matching networks is listed in Table 

2.  
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Component  Remarks 

Coax1, Coax2  Semi Rigid Coaxial Cable  85 mm  50 Ω  

C1  Multilayer Chip Capacitor  6.8 pF  ATC 800B 

C2  Multilayer Chip Capacitor  3.9 pF  ATC 800B 

C3  Multilayer Chip Capacitor  3.3 pF  ATC 800B 

C4, C5  Multilayer Chip Capacitor  4.7 pF  ATC 800B 

C6, C9  Multilayer Chip Capacitor  390 pF  ATC 800B 

C7, C10  Multilayer Chip Capacitor  75 pF  ATC 800B 

C8,C11  Multilayer Chip Capacitor  100 pF  ATC 800B 

C12,C13  Multilayer Chip Capacitor  33 pF  ATC 800B 

C14,C15  Electorlic capacitor   330 µF  ATC 600S 

C16  Multilayer Chip Capacitor  15 pF  ATC 600S 

C17  Multilayer Chip Capacitor  2.4 pF  ATC 600S 

C18  Multilayer Chip Capacitor  3 pF  ATC 600S 

C19  Multilayer Chip Capacitor    1  pF  ATC 600S 

C20  Multilayer Chip Capacitor  4.3 pF  ATC 600S 

C21, C22  Multilayer Chip Capacitor  10 pF  ATC 800B 

C23, C25  Multilayer Chip Capacitor  390 Pf  ATC 800B 

C24, C26  Multilayer Chip Capacitor  4.7 µF   

L1, L2, L3, L4  Air coil conductor  17.5 nH  CoilCraft  A3095‐AL  

Z1  Microstrip  22 mm × 18.1 mm  (W × L)  

Z2  Microstrip  19 mm × 19.1 mm  (W × L) 

Z3  Microstrip  9.4 mm × 13.2 mm  (W × L) 

Z4  Microstrip  6.2 mm × 4 mm  (W × L) 

Z5  Microstrip  3 mm × 11 mm  (W × L) 

Z6  Microstrip  5 mm × 65 mm  (W × L) 

Z7  Microstrip  1 mm × 65 mm  (W × L) 

Z8  Microstrip  2 mm × 2 mm  (W × L) 

Z9  Microstrip  2.5 mm × 5 mm  (W × L) 

Z10  Microstrip  20 mm × 18 mm  (W × L) 

Z11  Microstrip  20 mm × 13 mm  (W × L) 

Z12  Microstrip  6.6 mm × 8.8 mm  (W × L) 

Z13  Microstrip  9 mm × 9.2 mm  (W × L) 

Z14  Microstrip  3 mm × 18.1 mm  (W × L) 

Z15  Microstrip  3 mm × 5 mm  (W × L) 

Z16  Microstrip  2 mm × 2 mm  (W × L) 

Z17  Microstrip  0.4 mm × 30 mm  (W × L) 

Z18  Microstrip  2 mm × 5 mm  (W × L) 

R1, R3  SMD resistor  5.6 Ω   

R2, R4  Wire resistor  100 Ω   

 

Table 2: List of components. 
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The measured results are simulated with two balun with ferrite sleeve components connected back to 

back. The insertion loss and return loss for the simulations is shown in Fig.  4-13. The simulations also 

show that the insertion loss increases with frequency. Ferrites are frequency dependent materials, and 

in the balun model used in ADS the losses in the ferrite are not frequency dependent. The values used 

are valid for lower frequencies where a good agreement is seen for the simulations and measurements. 

 
Fig.  4-13: Simulated insertion loss and return loss for the back-to-back connected baluns. 

4.6 Copper Base Plate 

The transistor needs to be cooled for continuous operation. The input and output matching networks 

also need to be connected to the transistors in a secure and reliable manner. Due to the high heat 

dissipation in the transistor, air cooling would need a large area to work effectively; this could 

possibly be achieved using cooling fins to increase the contact area with air but significantly 

increasing the overall size of the amplifier. Water cooling is another option. Because of higher heat 

capacity of water compared to air it can transfer the power dissipated in the transistor much more 

efficiently. Due to very good heat conductivity of copper, a copper base plate was designed with holes 

designed for water flow. The RF input and output connectors can also be mounted securely on to the 

copper. There will be a slot in the fixture for the transistors to be mounted on. Using the physical 

dimensions of the transistor and having the thickness of the substrate in mind, a slot 0.9 mm deep 
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5 Measurements 

This section is dedicated to the measurement stage of the manufactured amplifier. The measurement 

setup and calibration will be explained. By applying bias voltage to the device it was noticed that an 

oscillation exists in the circuit; therefore the procedure for removing this unwanted oscillation is 

explained. CW measurement results for output matching circuit number one are presented. The second 

output matching network is measured in pulse mode for which the results are also shown. 

5.1 Measurement Setup 

The measurement was first performed in pulsed mode and later performed in continuous mode. 

Pulsed measurements allow for study of the circuit behavior using short pulses at the input, and are 

considered to be safer for circuit validation. Pulse duration of 1ms was chosen with a duty cycle of 

10% or 100 µs. 

To be able to measure the input power fed to the transistor from the pre- amplifier needed to drive the 

main amplifier and also the output power, a power meter with peak sensors capable of measuring 

pulsed signals was used. The power meter was triggered using the trigger out port of the pulsed RF 

signal generator. This way the power meter is measuring the signals at the right instance. 

The power meter used is a Boonton 4532, using two peak sensors. It was set to average the input 

power for 80% of the duty cycle (from 10 µsec to 90 µsec). This will allow for the signal to settle due 

to any delay caused by circuit elements. One port of the power meter was to measure the input power 

and the other port to measure the output power. 

The signal generator used is an Agilent E8257C PSG analog Signal Generator. The signal is then pre-

amplified using a EMPOWER 1043-BBM2C4AAJ which is 10W RF amplifier from 10 MHz to 1000 

MHz. The output of the pre-amplifier is connected to a coupler. The coupler used in the measurement 

was a Mini-Circuits ZGDC10-362HP+ (later to be replaced by Pulsar CS30-B52 directional couplers 

which operated over the entire frequency range of operation). The coupled port is connected to the 

power meter to measure the input power fed to the main amplifier 

A CPX400DP power supply having two outputs was used to provide the Vds for each device. The gate 

voltage and the pre-amplifier was DC biased using a Hameg HMP4040 power supply. Having separate 

supplies for each drain voltage allows for measuring the current in each branch, providing better 

insight into the circuit operation. 

For attenuating the output signal from the main amplifier an attenuator from Weinschel Associates 

having 30 dB attenuation and capable of handling a maximum output power of 500 W was used 

followed by a 20 dB attenuator from the same manufacturer. Following the attenuators, was the power 

meter that measured the output power. 
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A schematic of the complete measurement setup is shown in Fig.  5-1. A calibration was performed for 

different frequencies from 300 MHz to 1000MHz between points AB, AC and DE. The measurements 

could have had higher accuracy if: 

 A filter was inserted at point D to measure the power of the fundamental frequency and not 
the harmonics. However, filters at this frequencies and capable of handling the power levels 
generated by the main amplifier were not available in the lab. 

 An isolator or circulator inserted at point B, to prevent the signals being reflected back to the 
pre-amplifier from the input of the main amplifier due to imperfections in the input matching 
network. It could also affect the power reading on the coupled port to some extent. These 
components were also not available. 

 A filter could also be considered at point A to prevent any harmonics generated by the Pre-
amplifier to be injected into the main amplifier but upon checking the power of the harmonics 
it seemed they are around 30 dBc below the fundamental frequency. 

 

Fig.  5-1: schematic of the measurement setup 

5.1.1 Calibration 

Transmission loss and the coupling factor were measured using a VNA (Vector Network Analyzer). 

The attenuation of the attenuators was also measured by a VNA. These parameters were exported in 

form of Touchstone S2P files and used in an automated measurement setup developed using the 

Instrument Control Toolbox in Matlab. Using the correction factors the input power fed to the 

amplifier and also the output power could be accurately derived from the raw measurement data. 

 

5.2 Pulsed measurements 

An automated measurement system was setup using Matlab and GPIB (IEEE-488) to control the 

signal generator, and power meter. The program will trigger the source, measure the input and output 

power, apply the correction factor and display the input and output power. The program was set for the 
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input power to start at -20 dBm and increase in steps of +1dBm at the source. If the output power 

exceeded 50 dBm the increment in the input power will be 0.5 dBm. 

If the input power exceeded 38 dBm the measurement will be paused and require user input to 

continue the power sweep or continue to the next frequency. This feature was added to prevent 

damage to the pre-driver. A similar flag was also set for the output power when exceeding 53 dBm to 

prevent damage to the main amplifier. 

A 1 msec pulse with a duty cycle of 10% was used. The amplifier was set at different bias points and 

tested for output power. A bias point of Vgs=1.65 V and Vds=33 V with an Idq=2 A was selected, 

corresponding to class AB point of operation.  

The variations of power over a fixed input power can be seen in figure Fig.  5-2. 

 
Fig.  5-2: Output Power for fixed input power of 37 dBm for OMN No. 1. 

After these set of measurement, and because of the high quiescent current, the amplifier was checked 

more precisely and an oscillation at the input was observed. 

 

5.3 Input oscillation 

It was observed that an oscillation is visible at the input matching network upon biasing the network. 

This was apparent from the high quiescent current consumption which increased dramatically with 

very small changes in the Vgs. The quiescent current for some bias points are shown in Table 3. 

Vgs (V) Vds (V) Idq (A) 

1.65 32 1.7 

1.65 33 2 

1.7 33 2.27 

Table 3: Qiescient current for different bias points with oscillation at the input matching network. 
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The amplifier was connected to an Agilent E8361A PNA to measure the quality of the matching 

network. However, upon applying bias voltage to the circuit, a resonance is seen. The S11 of the 

matching network, the reflection for biased and pinch off conditions are plotted in Fig.  5-3. 

 

 
Fig.  5-3: S11 of input matching network with and without bias applied. 

However, the original source of oscillation was determined with the aid of an Agilent PXA Signal 

Analyzer N9030A using a probe. The fundamental frequency of oscillation was around 84 to 86 MHz. 

What is seen in Fig.  5-3 as a peak when the Bias voltage has been applied is a multiplication of the 

oscillation. 

A resistance of 500 Ω was added from connection point of the DC cables to the board to ground but 

the oscillation was still in place. 1000 pF micro-capacitors with a series resistance of 0.5 Ω were 

added at the RF ground points which only shifted the frequency of oscillation to 72 MHz. 330 µF 

electrolytic capacitors were also connected from the DC connection point to ground but the oscillation 

was still visible. 

In order to find the source of oscillation, the transmission line model of the input matching circuit is 

simulated in ADS for low frequencies and the input impedance of the circuit was plotted. 

It can be seen in Fig.  5-4(red), a fluctuation is seen around 70-80 MHz for the real part of the 

impedance. Suspecting that this is the cause of oscillation, different components were disabled and the 

simulation was performed each time. The 4.7µF ceramic capacitor was causing this fluctuation in the 

input impedance and by removing this capacitor this problem was resolved and is shown in blue. 
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After these changes and also changes made due to the oscillation taking place at the input which 

consisted of removing C24 and C26 and only keeping a 100 pF capacitor for the RF decoupling the 

S11 of the network was measured again. 

 
Fig.  5-5: Return loss for input matching network after tuning. 

Even after the tuning the input matching network does not have a good performance and there is room 

for improvement, but with the transformation ratio being large it will not be easy to achieve optimum 

performance over the band. Possible options will be discussed as future work (see section  6) which 

can be done to improve the performance of the input matching network. 

5.5 Measurement of Circuit No.2 

The second circuit was also measured with pulsed input signals.  The circuit was biased in class B  

with Vgs = 1.8 V and Vds= 28 V. Similar to the first circuit a 1 ms pulse with a duty cycle of 10% was 

used. The measured output power can be seen in Fig.  5-6. The output power is above 100W from 360 

MHz to 960MHz. The low output power at the lower frequency end is most probably due to the 

mismatch at the input matching circuit. The sudden fall in the power for the high frequencies is most 

probably due to the increasing loss of the ferrite material and also mismatch at the output matching 

network.  
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Fig.  5-6: Output power for amplifier with load matching network No. 2 (pulsed input). 

5.6 CW measurements 

5.6.1 Ferrite loaded balun (Circuit no.1) 

The ferrite sleeve introduces a lossy path to ground to create a balance between the inner conductor 

and outer conductor impedance to ground. These losses cause power to be dissipated as heat in the 

ferrite causing it to become hot over time. This problem was seen during the CW measurement (with 

matching network no.1) and when the amplifier was operating continuously.  

Using a thermal imaging camera, the output matching network consisting of the balun with the ferrite 

was observed. The image in Fig.  5-7 is after 2 minutes of continuous operation at a measured Pout of 

approximately 100 W after which the Balun has reached a temperature of 147 ˚C and would still rise if 

under operation causing physical damage. Therefore, the experiment was stopped in order to prevent 

damage. This has to be investigated further for a solution to be found to either prevent the heating or 

cool the balun in a practical way. Alternative ferrite material or powdered iron cores with lower losses 

may be used, but this was beyond the scope of this thesis. Also other balun topologies such as a 

twisted pair of wires wound around a ferrite core can be experimented with. It is worthwhile to note 

that the two DC lines are also having a temperature rise but not to hazardous levels and are within safe 

operation. Some power is also dissipated in the RF grounding capacitors and the DC blocking 

capacitors which have elevated temperatures. 
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But as mentioned earlier, the power dissipation in the balun is high making the current design not 

practical for continuous use and further investigations needed in order to decrease the losses and also 

be able to transfer the heat from the ferrite in proper manner. 

5.7 CW measurement with an unloaded Balun at the output 

Since the losses were very high in the ferrite of the output balun, another balun was constructed 

consisting of a semi rigid coaxial cable without the ferrite sleeve. Although it was obvious that the 

balun will have an imbalance for the two balanced lines, the measurement was performed to give an 

idea of how critical the ferrite is to the balun. 

Due to the imbalance presented to the final stage of the matching network, the branch which was 

connected to the outer conductor of the balun on the balanced side drew more current (around twice 

compared to the branch connected to the inner conductor). The measurements were performed from 

300 MHz to 420 MHz where the device was destroyed because of high current in one branch. Such 

measurement can be performed in pulsed mode but have not been done due to time constraints. 

The measurements made at the low frequencies indicate a higher Pout and efficiency shown in 

Fig.  5-9 from 300 MHz to 420 MHz. The output power was expected to be higher because there are no 

losses in the ferrite material. 

 
Fig.  5-9: Pout and PAE for the ferrite loaded balun (Dashed) and unloaded Balun  (Solid). 

The amount of drain current in each branch is shown in Fig.  5-10. The dashed lines represent the balun 

without the ferrite sleeve. Ids2 represents the branch which is connected to the outer conductor of the 

coaxial on the balanced side having smaller impedance to ground. Note that this measurement was 

performed up to 420 MHz since the device failed for higher frequency. The solid lines represent the 

balun with the ferrite sleeve, which is clear that the two branches are more symmetricaly consuming 

current compared to an unloaded balun. There is an imbalance between the two branches for the ferrite 

300 320 340 360 380 400 420
43

44

45

46

47

48

49

50

51

52

Frequency (MHz)

P
ou

t(
dB

m
)

300 320 340 360 380 400 420
0

20

40

60

P
A

E
 (

%
)

 

 



Sohil Shahabi Ghahfarokhi Development of a Wideband High Power Amplifier for Cancer Treatment 

49 

 

loaded balun around 700 MHz which was also apparent in Fig.  3-13. This has to be investigated 

further and prevented.  

 

Fig.  5-10: Ids for the two branches of the amplifier including 
results for the amplifier with ferrite loaded balun (solid lines) and 

unloaded balun (dashed lines) 
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6 Conclusion and future work 

A high power wideband amplifier design with more than 125 W output power across the frequency 

band  360-960 MHZ  and  a mean efficiency of 50% over the band has been developed in this work. 

The design process was made using a model developed using basic load pull data provided by NXP at 

higher frequencies and equivalent circuits for the input and output of the device. Load pull simulations 

were performed and based on the load-pull data two matching circuits were developed for the output.  

The input matching network has room for large improvements in a future design as it seems the input 

equivalent circuit model is not very accurate. Using the available input matching network, a better 

approximation of the input equivalent circuit can be made in the future. The device shows a very small 

impedance at the input, therefore different wide band transformers can be used to help with the 

impedance transformation across the band. 

The output matching networks operated well except for the band edges which can also be improved 

using different transformer balun topologies. The efficiency levels for the second matching network 

need to be measured also in a CW measurement. 

The model can also be improved using data from the measurements. During the CW measurements it 

was seen that the drain current in each branch cannot exceed 8 amperes and higher currents destroyed 

the device. The equations in the model can also be modified in way to reflect this limit on the current. 

The balun at the output is very lossy and RF power is dissipated as significant heat. Different ferrite 

materials can be used in manufacturing of the balun and an in detail study of the ferrite behavior and 

ferrite material can be performed to find an optimum solution. In general the design of the balun 

requires more insight into the operation of the balun. Coupled lines may be another choice which has 

to be studied in detail. Also a combined balun and transformer could be used to make the impedance 

transformation smaller, possibly resulting in a smaller circuit for the output matching network. 

As the preamplifier, a commercial EMPOWER amplifier was used. It could be possible to integrate 

the preamplifier with the main amplifier into one circuit. Also, by integrating a coupler to measure the 

output power could be studied instead of using external components that increase the overall size and 

cost of the system. 

This work has demonstrated a wideband high power amplifier with a high efficiency for medical 

hyperthermia applications which was not possible by deploying commercially available power 

amplifiers. The high efficiency of the design make this amplifier a very suitable choice to be used in 

the final system developed at the signals and systems department of Chalmers University of 

Technology. The design in this work will serve as a foundation for the final amplifier with minor 

changes in the balun topology to overcome the excessive heating. 
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