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Abstract 
This bachelor thesis covers the basics of constructing a stable transistor based amplifying circuit. 
The task was to design an input match in order to increase the gain of a specific transistor. This 
transistor model, GH60015D is developed by Cree Inc.  

When this transistor is stabilized much of the original gain is reduced. The main problem is that 
it fails to deliver high amounts of gain over a wide band while remaining stable. To counter this, 
an input match with multiband purposes is designed in order to increase the gain over specific 
frequency bands.  

The thesis covers the basics to design an input matching network for a transistor and how one 
can analyze circuits in more detail in order to get as a realistic simulation as possible. 

In this project ADS software and models of the CH60015D are used in order to simulate circuits 
intended for implementation that is meant to be built on a glass-substrate. The desired result of 
the work is to obtain as much large signal gain as possible over the frequency bands 2.11-
2.17GHz and 2.62-2.69GHz while maintaining stability. 

The results of this report show methods for maintaining out of band stability, while decreasing 
stability margin at specific bands. Decreasing stability can enhance the gain under controlled 
conditions. The large signal gain obtained at approximately 15W output power for both selected 
frequency bands are around 15.2dB. 
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Sammanfattning 
Detta kandidatexamensarbete omfattar grunderna i hur en stabil transistorbaserad förstärkarkrets 
designas. Uppgiften var att designa en ingångs match för att öka förstärkningen för en specifik 
transistor. Transistorn CGH60015D är utvecklad av Cree Inc.  

När den här transistorn stabiliseras förloras mycket av den tillgängliga förstärkningen. Det 
största problemet är att den inte kan levera hög förstärkning medan den är stabil. För att förbättra 
förstärkningen används en ingångsmatch som ska klara av två frekvens band och på sådant sätt 
öka gainet över dessa band. 

Arbetet täcker grunderna för att designa ett matchningsnätverk till en transistor, och hur man kan 
analysera kretsar mer ingående för att få en så realistisk simulering som möjligt. 

I detta projekt har ADS och modeller av GH60015D använts för att göra simuleringar av 
komponenter tänkta att tillverkas på ett glassubstrat. Det eftersökta resultatet av arbetet är att få 
ut så mycket storsignalsförstärkning som möjligt vid frekvenserna 2.11-2.17GHz och 2.62-
2.69GHz. 

Resultatet av denna rapport visar metoder att bibehålla ovillkorligt utombandsstabilitet, medan 
man vid specifika band minskar stabilitetsmarginalen för att öka förstärkningen under 
kontrollerade villkor. Erhållen storsignalsförstärkning vid ungefär 15W uteffekt för de båda 
utvalda banden är ungefär 15.2 dB. 
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1. Introduction 
In today’s society telecommunication has become an integrated part of life. Society expects 
better and more integrated products to keep up with the increasing use of mobile devices. 
Telecommunication operates on different frequency bands and a single transistor cannot be 
expected to handle all of the different frequencies, however it is possible to design an amplifier 
for multiband purposes.  

In order for an amplifier to operate at two different frequencies it is important to implement a 
circuit that meets the requirement, and also to use the transistor model wisely. For this project a 
gallium-nitride (GaN) transistor model is chosen due to its wideband characteristics which makes 
it perfect for dual band operation. 

In this case the transistor provided by the manufacturer to the customer is unstable which 
demands that stabilizing the product are taken into consideration, introducing us to phenomena 
as scattering parameters, stability circles and the Smith chart. 

In this thesis an evaluation of an input matching network for a GaN transistor that covers a 
frequency band from 1.8GHz to 2.8GHz that is supposed to deliver its maximum gain at two 
smaller frequency bands of 2.11-2.17GHz and 2.62-2.69GHz is performed. The reason that a 
multiband approach is desired is because it will allow for one transistor to handle two frequency 
bands instead of using one transistor for each frequency band. The circuit is intended to be built 
with copper on a glass substrate. This will allow for a very small circuit and to be able to realize 
the multiband purpose of the circuit.  

All plots and results in this thesis are taken from simulations. Figures 4, 6, 14 and 19 were 
produced using a software program called LLsmith by RFdude.com LLC. 

 

. 
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1.1 Problem statement 
The GaN transistor is a wide-band transistor but it is unable to produce high amounts of gain 
while remaining stable. This thesis mainly consists of methods trying to increase the gain of the 
two specific frequency bands at 2.15GHz and 2.65GHz. This can be achieved by bypassing the 
resistances used for stabilizing the transistor and therefore decreasing the stability but increasing 
the gain. 
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2. Background theory 
When a transistor is used in RF electronics a set of new phenomena appear. Reflection waves 
and stability theorems are just a few examples. In this part there is an introduction to the 
scattering parameters (S-parameters), these parameters characterize the behavior of a two port 
network. When familiar with the scattering parameters, things as stability, the smith chart and 
matching networks are introduced in order to theoretically show how and why a circuit behaves 
like it does at high frequencies, and also to introduce the background of the steps taken in the 
execution of the thesis. 

2.1 Scattering parameters 
When an incoming wave whit a given amplitude V interacts with a load Z, unless the load is 
perfectly terminated some of the incoming wave will be reflected back from the load. This 
section will briefly describe the basics of these phenomena and derive scattering parameters. 
Following derivation is taken from chapter 1.4 in Microwave Transistor Amplifiers by Guillermo 
Gonzalez [1] 

The reflection coefficient on an arbitrary point x on a single lossless transmission line can be 
written as  

𝛤(𝑥) = 𝑉−(𝑥)
𝑉+(𝑥)   eq.1  

Where 𝑉−(𝑥) is the reflected wave and 𝑉+(𝑥) is the incident wave. The currents at the same 
point are given by 

𝑉+(𝑥)−𝑉−(𝑥)
𝑍0

=  𝐼+(𝑥) − 𝐼−(𝑥) eq.2   

Where 𝑍0 is the characteristic impedance of the transmission line. 

Now introducing the normalized notations 

  

𝑉−(𝑥)+𝑉+(𝑥)
�𝑍0

= 𝑣(𝑥) eq.3  

�𝑍0(𝐼+(𝑥) − 𝐼−(𝑥)) = 𝑖(𝑥) eq.4  

 

𝑉+(𝑥)
�𝑍0

= 𝑎(𝑥) eq.5  

𝑉−(𝑥)
�𝑍0

= 𝑏(𝑥) eq.6  
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The reflection coefficient can now be defined as  

𝛤(𝑥) = 𝑏(𝑥)
𝑎(𝑥) → 𝑏(𝑥) = 𝛤(𝑥)𝑎(𝑥) eq.7  

Now instead of a single transmission line a two port network is considered (See figure 1). 

𝑏1(𝑥) = 𝑠11𝑎1(𝑥) + 𝑠12𝑎2(𝑥) eq.8  

𝑏2(𝑥) = 𝑠21𝑎1(𝑥) + 𝑠22𝑎2(𝑥)eq.9  

 
Figure 1: A two port network 

The reflection coefficients can now be described using a matrix [S]. 

�𝑏1
(𝑥)

𝑏2(𝑥)� = �
𝑠11 𝑠12
𝑠21 𝑠22� �

𝑎1
𝑎2� eq.10  

These Scattering parameters can then be used for determining gain and stability.  

|𝑠11|2  represents the ratio of power reflected from port 1 compared to the power present at 
port 1. 
|𝑠21|2  represents the ratio of the power delivered to the load compared to the power 
available from the source also known as transducer power gain, 𝐺𝑡, in case of the two port 
network is an amplifier. 
|𝑠22|2  represents the ratio of power reflected from port 2 compared to the power present at 
port 2. 
|𝑠12|2  represents the reverse transducer gain. [8] 
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2.2 Load line theory 
When biasing the transistor, DC-IV curves can be analyzed to check how the transistor is 
performing with different biasing voltages. The DC-IV curves are a plot of the drain current 
versus the drain voltage and are often plotted with several values of the gate voltage in order to 
see the behavior of the transistor at different voltage levels. A DC-IV plot can be seen in figure 
2. 

As the gate voltage gets higher, the drain current increases. But when the gate voltage gets high 
enough, up to the saturation point, there will be no increase in drain current. Instead it will 
remain constant since the transistor has gone in to its saturated mode, meaning it is unable to 
provide more current.  

 

 

Figure 2: A plot of DC-IV curves for a GaN transistor model. 

A straight line is drawn over the DC-IV curves from the maximum current to a point of the drain 
bias voltage (from 5V to 28V in figure 2), determined by the threshold voltage and the knee 
voltage [12]. This line is called the load line and can be used to approximately calculate the 
optimum output resistance value for maximum power when terminated in a load, permitting 
maximum voltage- and current swing, limited by the supply voltage and the maximum allowed 
current. The load line can be calculated in the ideal case using: 

 
𝑅𝑜𝑝𝑡 = 𝑉𝐷𝐶

𝐼𝐷𝐶
 eq.11 

Where 𝐼𝐷𝐶 = 𝐼𝑀𝑎𝑥
2

. 
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In the non-ideal case the knee effect is taken in consideration and the modified value for 𝑅𝑜𝑝𝑡 
becomes: 

𝑅𝑜𝑝𝑡 = 𝑉𝐷𝐶−𝑉𝑘𝑛𝑒𝑒
𝐼𝐷𝐶

  eq.12 
 

2.3 The Smith chart 
The smith chart provides us with a graphical tool to analyze, and simplifying solutions of 
transmission line problems or matching networks at microwave frequencies. Following 
derivation is taken from chapter 2.2 in Microwave Transistor Amplifiers by Guillermo Gonzalez 
[2]. The chart is a plot over the reflection coefficient plane, also known as the  Γ  plane where: 

Γ = 𝑍−𝑍0
𝑍+𝑍0

 eq.13  

This applies for all values where  𝑅𝑒(𝑍) ≥ 0. Since an impedance consists of a real and an 
imaginary part, Z is described as 𝑍 = 𝑅 + 𝑗𝑋. 

Now define the normalized impedance z as: 

𝑧 = 𝑍
𝑍0

= 𝑅+𝑗𝑋
𝑍0

= 𝑟 + 𝑗𝑥 eq.14  

Using normalized impedances eq.13becomes: 

Γ = 𝑧−1
𝑧+1

  eq.15 

This expression is simpler, yet equal to the previous one for Γ. From this expression it’s possible 
to determine that the imaginary axis maps into a unit circle given by |Γ| = 1. Because of this, all 
impedances that have a real part bigger than or equal to zero (𝑟 ≥ 0) will be mapped inside the 
unit circle of the Γ -plane (|Γ| ≤ 1) [2]. 

Another way of showing this is by doing the following analysis, let: 

Γ = U + jV = (𝑟−1)+𝑗𝑥
(𝑟+1)+𝑗𝑥

  eq.16  

If we separate the real and imaginary parts we get: 

𝑈 = 𝑟2−1+𝑥2

(𝑟+1)2+𝑥2
  eq.17 

And 

𝑉 = 2𝑥
(𝑟+1)2+𝑥2

  eq.18  
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Eliminating x from these equations gives: 

�𝑈 − 𝑟
𝑟+1

�
2

+ 𝑉2 = � 1
𝑟+1

�
2
 eq.19  

Which is the characteristic equation of a circle where the center of the circle will be at 𝑈 = 𝑟
𝑟+1

 

and 𝑉 = 0 with a radius 1
𝑟+1

. 

Eliminating r from the previous equations gives: 

(𝑈 − 1)2 + �𝑉 − 1
𝑥
�
2

= �1
𝑥
�
2
 eq.20  

This is also the characteristic equation of a circle, but the center will be located at 𝑈 = 1 
and 𝑉 = 1

𝑥
. 

If there is a constant value of the real parts, it’s possible to start mapping impedances using eq.19 
as an example, the normalized impedance 𝑧 = 1 + 𝑗𝑥 will in a complex plane be a straight line 
from negative infinity to positive infinity at the imaginary axis, and at “1” on the real axis. This 
straight line will in the Γ-plane result in a circle with a radius of ½. This circle represents the 
resistance circle of 𝑟 = 1. If we were to put in 𝑟 = 2,3 … these circles would represent the 
resistance circles of 2, 3 and so on. 

In the same way, using eq.20, mapping of constant reactance circles can be made. A plot of the 
constant reactance- and resistance-circles for every value of z where 𝑟 ≥ 0 is called the Smith 
chart. 
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Figure 3: The smith chart 

By examining figure 3, it becomes clear that the resistance circles corresponding to higher 
resistance values are located to the right side of the chart, therefore if the impedance is located at 
the right end of the chart we have open circuit. In the same way, if the impedance is located at 
the far left end of the chart we have a short circuit.  

What happens in the smith chart when adding different components to an impedance? There are 
four types of motions i.e. transformations possible in the smith chart by adding reactive 
elements. By adding a series inductor with an inductance L, we will with increasing frequency 
create a clockwise, up going motion in the smith chart, because we have an increasing reactance. 
By studying the expression of the inductor (𝑗𝑤𝐿) this becomes clear. The resistance does not 
change, and therefore the clockwise motion follows the constant resistance circle where it is 
located. By similar steps the motion of adding other reactive elements gives the following. A 
series capacitor will produce a counterclockwise motion, a shunt inductor will produce a 
counterclockwise motion and a shunt capacitor will produce a clockwise motion. Components in 
series will follow constant resistance circles, and shunted components will follow admittance 
circles. For more clarification, see figure 4.  
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Figure 4: The four types of motions in the smith chart from reactive elements. Showing from left to right: 
Series inductor, series capacitor, shunt inductor and shunt capacitor. 

2.4 Power added efficiency 
The power added efficiency (PAE) measures efficiency and is defined as: 

𝑃𝐴𝐸 = 𝑃𝑜𝑢𝑡−𝑃𝑖𝑛
𝑃𝐷𝐶

  eq.21 

Where 𝑃𝑜𝑢𝑡 is the output power, 𝑃𝑖𝑛 is the input power, 𝑃𝐷𝐶 is the input DC power. Examining 
the expression in eq.21, it is clear that the PAE is gain dependent.  
 

2.5 Load pull 
The load-pull analysis is a method to determine the amplifiers maximum gain, power or 
efficiency. A load-pull test gives us information of how to make matching for the transistors 
internal or external matching. 
 
In the load pull method the device is characterized by varying the terminating load impedance. 
The result is displayed in a smith chart where the contours represent the output delivered power 
and PAE as a discrete function of the load reflection coefficient.  
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Figure 5: Delivered power and PAE contours from a load-pull simulation 

In the plot (figure 5) you can get an estimation of at what output impedance your maximum 
output power or PAE is given, and also find the optimum impedance for the transistor. 

The load pull measurement can be simulated in ADS. The software automatically calculates the 
maximum PAE and output power obtained in the circuit and allows movement of the indication 
marker in order to see what PAE and delivered power the selected impedance provides.  
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2.6 Drain capacitance compensation 
The transistor has some parasitic capacitances, information about these is usually provided in the 
data sheet of the transistor with approximate values. In the GaN transistor 𝐶𝑑𝑠 (output parasitic 
capacitance) is approximately 0.9pF. [8] 

 
Figure 6: 6nH shunt inductor at 2.15 GHz 

Figure 6 shows how the parasitic output capacitance can be cancelled with a shunted inductor of 
6nH at 2.15 GHz. With this inductor inserted, the imaginary load impedance becomes cancelled 
and the optimum load impedance will have no imaginary part. This will make the output 
matching network more realistic than just inserting some impedance with complex values at the 
output. 
 

 
Figure 7: Output match with a shunted inductor. 
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L47 in figure 7 is to be considered as an ideal inductor through which the transistors drain is 
biased, alternately L46 can also be used for this purpose and may replace L47 if place at the 
same position as L47. The DC-blocking capacitor “DC-BLOCK” at the bias is needed when 
realizing the circuit for termination of RF-frequencies, to make sure there is no leakage to the 
DC-supply. 
 
2.7 Stability 
Stability is a big consideration when designing an RF circuit, since instability in a circuits design 
may cause the device to oscillate thus creating a distortion of the original signal or even damage 
the transistor or other components. Passive components cannot create instability by themselves. 
However when an active component is used where external power is introduced, such as a 
transistor instability may occur. In this thesis s-parameter analysis is used to determine the 
stability of a given circuit.  

While designing a circuit using s-parameter analysis it is important to determine its stability. 
Equations featuring s-parameters are used to determine stable regions of a two port network on 
the smith chart for a given frequency. The basic concepts of unstable regions are that on a given 
frequency the instability is located at a length l from the smith charts center with a radius r thus 
making it a stability circle. 

Two different stability circles can be observed, the source stability circle and load stability circle. 
If both of these stability circles are located outside the smith chart the circuit is unconditionally 
stable.  An Unconditionally stable device is stable and will not oscillate, not matter what passive 
components are introduced outside the stabilization. Following equations are taken from chapter 
3.3 in Microwave Transistor Amplifiers by Guillermo Gonzalez [3][4]. 

  

In a two port network instability occurs when |𝛤𝑖𝑛| > 1 and |𝛤𝑜𝑢𝑡| > 1  

|𝛤𝑖𝑛| = �𝑆11 + 𝑆12𝑆21𝛤𝐿
1−𝑆22𝛤𝐿

� eq.22  

|𝛤𝑜𝑢𝑡| = �𝑆22 + 𝑆12𝑆21𝛤𝑆
1−𝑆11𝛤𝑆

� eq.23  

𝛤𝑠 is the source reflection coefficient, 𝛤𝐿 is the load reflection coefficient. When 𝑆12 → 0 then 
|𝛤𝑖𝑛| = |𝑆11| and |𝛤𝑜𝑢𝑡| = |𝑆22|.  

The equations for stability circles are given by, and are illustrated in figure 8. 

Output stability circle  

𝑟𝐿 = 𝑆12𝑆21
|𝑆22|2−|Δ|2  (𝑟𝑎𝑑𝑖𝑢𝑠) eq.24  



13 

 

 

𝐶𝐿 = (𝑆22−ΔS11∗ )∗

|𝑆22|2−|Δ|2  (𝐶𝑒𝑛𝑡𝑒𝑟) eq.25  

Input stability circle 

𝑟𝑆 = 𝑆12𝑆21
|𝑆11|2−|Δ|2  (𝑟𝑎𝑑𝑖𝑢𝑠) eq.26  

𝐶𝑆 = (𝑆22−ΔS22∗ )∗

|𝑆11|2−|Δ|2  (𝑐𝑒𝑛𝑡𝑒𝑟) eq.27  

 

Figure 8 an example of load and source stability circles on the smith chart 

Another way of expressing stability of a circuit can be made by introducing the factors K and Δ 
where. 

𝐾 = 1−|𝑆11|2−|𝑠22|2+|Δ|2

2|𝑆12𝑆21|
  eq.28 

And 

Δ = 𝑆11𝑆22 − 𝑆12𝑆21 eq.29 

The necessary conditions for unconditional stability is that 𝐾 > 1 and |Δ| < 1. However with K 
and Δ two conditions are required, and therefore the µ and µ-prime factors are introduced. 

The µ-factor gives the distance of the nearest output load stability circle from the center of the 
smith chart and is given by the following equation [5]. 
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µ = 1−|𝑆11|2 
�𝑆22−𝑠11∗ Δ�+|𝑆12𝑆21|

 eq.30  

The µ-prime factor gives the distance of the nearest input stability circle from the center of the 
smith chart and is given by the following equation [5]. 

µ − 𝑝𝑟𝑖𝑚𝑒 = 1−|𝑆22|2

�𝑆11−𝑆22∗ Δ�+|𝑆21𝑆12|
 eq.31  

The only condition required for unconditional stability is to have either µ > 1 or µ − prime > 1.  

 

Figure 9 𝝁-prime of the circuit shown in figure 16 

Since µ − prime is greater than one in figure 9 it is understood that the circuit is 
unconditionally stable for frequencies 0-10 GHz. 
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2.8 Matching network 
It is often required for modern amplifiers to have matching networks at the input, and the output 
of the transistor in order to adjust its behavior, such as maximizing its power output. 

 

 

Figure 10: A two port network design [6] 

Figure 10 shows a transistor with an input and output matching network. Typically both Z1 and 
Z2 are 50Ω. If maximum gain is desired, simultaneous conjugate matching is applied, and the 
input matching network is to transform Z1 to ZS. However in order to get the transistor to deliver 
maximum power it is required of the output matching network to transform Z1 to the optimum 
resistance 𝑅𝑜𝑝𝑡 (see load line theory). 

The Smith chart can be a powerful tool when designing matching networks. Looking at figure 
11, the source impedance has a typical value of 50 Ω, the load impedance has a value of 10+j*0 
and the frequency is 2GHz. Creating an output matching network could consist of adding a series 
inductor and a shunt capacitor. With proper values, the matching network will match the source 
impedance and the load impedance to the device. With a graphical Smith chart tool, such as the 
one built in in ADS one can directly insert components and get proper values as seen in the 
figure 11. 

The matching network can also be made by using transmission lines. Using appropriate 
transmission lines, the matching network can be designed to function similarly as a matching 
network using LC-components. 

When designing a matching network, one must also consider the effects it has on the circuits’ 
bandwidth. This can be done by looking at the Q factor [9]. 

𝑄 = 𝑓0
∆𝑓

  eq.32  
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Figure 11: One section matching network with its frequency response 

As the Q-value decreases, bandwidth increases. By re-matching our previous network in figure 
11 with two sections of LC circuits, figure 12 shows that the bandwidth increases at the network 
response and also shows a Q value of 1.5. The additional minimum in the figure comes from part 
two of the matching network, with a three-step LC circuit match comes 3 minimums and so on. 
If the Q-value is lowered even more, the bandwidth would also increase more. However, by 
adding more components to the network it contributes to more space used and it will make a 
negative contribution to power and efficiency due to losses. 

 

 

Figure 12: Two section matching network with its frequency response 
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2.9 The transmission line 
The transmission line is a very common component in micro wave engineering. At high 
frequencies the wavelike nature of an RF signal has to be taken into account. At a given 
frequency the length of a transmission line can be designed to achieve a specific goal. A 
transmission line can be used to rotate impedances on the smith chart. If the length of a certain 
transmission line equals a quarter of a given signals wavelength the terminating impedance on 
this frequency will be inverted on the smith chart. Figure 13 shows a transmission line taken 
from ADS. 

𝑙 =
𝜆
4

 

 
Figure 13: Transmission line with a length that equals a quarter of the wavelength given by a signal at 2.15 

GHz 

Introducing an ideal lossless transmission line with a characteristic impedance of 50 Ω with an 
angular shift of 90° at 2.15 GHz, this means that the wave will be shifted one quarter of the 
wavelength at frequency 2.15 GHz thus inverting the impedance on the smith chart.  

 

Figure 14: The effect of the transmission line on the smith chart 
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In figure 14 an example is shown where a transmission line (in figure 13) transforms Z1=5 Ω to 
Z2=500 Ω. In order to calculate the impedance change using a quarter wave impedance 
transformer this formula can be used 

𝑍𝑆
𝑍0

= 𝑍0
𝑍𝐿

  eq.33 

Where 𝑍𝑆 (Z1) is the source impedance and 𝑍𝐿 (Z2) is the load impedance.  

2.10 Gain compression 
Gain compression occurs when the input power into a transistor increases to a point where the 
gain delivered by the transistor is reduced in a nonlinear fashion. The area where the signal 
increases linearly is called the small signal gain. Up to a certain point the transistor delivers gain 
in a linearly fashion, but when the input power reaches higher levels, gain compression will 
occur. The compressed gain is called the large signal gain. Even though gain is reduced at higher 
input power the output power will increased, which is much desired in power amplifiers. The 
most common gain compression is 𝑃1𝑑𝐵, this is the output power where 1dB of the small signal 
gain is compressed. 
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3. Execution 
When designing a transistor based amplifier there are some important aspects to consider. 
Bandwidth, stability, gain, power and efficiency are only few of the parameters to consider. 

The transistor model used in this thesis is made by Cree and is a Gallium nitride based HEMT 
transistor with a wide bandwidth ranging up to 6 GHz. It operates at 28V drain voltage, and has a 
small signal gain of 15 dB at 4 GHz.  

The model uses a non-linear mathematical model based on the physics of the transistor with 
curve-fitting equations to measurement data that also includes temperature. Figure 15 shows a 
schematic of the non-linear model schematic [11]. 

 

 

Figure 15: A schematic of the non-linear transistor model  
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3.1 Biasing 
It is important to bias the transistor correctly. Under-biasing may cause loss of gain while over-
biasing may cause the amplifier to lose power efficiency and increased gain compression. In 
order to determine a good transistor bias voltage DC-IV curves of the transistor model is 
observed. Figure 16 show how the transistor model behaves. By plotting the drain-source voltage 
vs. current it is possible to see the quiescent current of the transistor at a given gate bias, from 
this an appropriate gate bias can be extracted. 

 

Figure 16: Transistor model current vs. drain source voltage for different gate voltages 

From [7] the recommended quiescent current at 28V is 100mA. To get these values a gate 
voltage of -2.24V was applied, the chosen bias is shows in figure 16. 
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3.2 Stabilization 
With the transistor biased, stabilization of the circuit can be analyzed. There are many different 
ways to stabilize a transistor using different components on both the input and output of the 
transistor. Stabilizing the output would reduce efficiency and output power, so the choice is 
made to stabilize the input of the transistor. 

A simple way to stabilize a transistor is to use resistances to push the stability circles outside of 
the smith chart. This happens when the stability circles |Γ| > 1. However these resistances will 
also reduce the amplifiers gain, this is why these resistances are chosen in such a way that as 
much gain as possible is maintained while still keeping the amplifier circuit unconditionally 
stable. The DC-blocking capacitor at the biasing line in figure 17 is needed when realizing the 
circuit for termination of RF-frequencies, to make sure there is no leakage to the DC-supply. 

 

Figure 17: The basic unconditionally stabilized circuit. Gate voltage -2.24V, drain voltage 
28V 

The circuit in figure 16 has become unconditionally stable by using R1 and R2. TL1 is a 
transmission line that increases the impedance for frequencies around 2.2GHz. This will increase 
the impedance of shunt resistor and transmission line at frequencies around 2.2GHz. With the 
impedance increased for that node means that most of the RF signal will go through R1 
increasing the gain for those frequencies. R1 and R2 are chosen in such a way in order to 
optimize the gain in band while maintaining stability both inside and outside the frequency band. 
With the transmission line TL1active R2 helps stabilizing lowers frequencies while R1 stabilizes 
higher frequencies. The series inductor (R1) limits the transistor from being loaded with 
impedance < 8.51 Ω and the shunt (R2) limits the transistor from being loaded with impedances 
> 28 Ω. 𝜇-prime of this circuit can be viewed in figure 9. 
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3.3 Load pull simulation 
In order to have an as efficient power amplifier as possible, the terminating impedance should be 
chosen to that it gives a god compromise between efficiency, power and gain. In order to acquire 
the optimum impedance a Load pull simulation is performed at 2.15 GHz with an input power of 
28 dBm. The desired output power is 15W which is the typical specified output power that can 
be delivered by the transistor at 28V.  

 

Figure 18: Output impedance chosen and power added efficiency and power delivered at 
this impedance. 

Viewing the results of the load pull simulation, the output impedance can be determined for a 
point that is a good compromise between efficiency and power. In figure 18 this impedance is 
11.969 +j15.397, however a shunt inductor is added for cancellation of the transistors built in 
parasitic capacitance 𝐶𝑑𝑠, which is dominant for the imaginary parts of the impedance. The 
parasitic capacitance 𝐶𝑑𝑠 for the GaN transistor is 0.9pF [7], and can be cancelled at 2. 15GHz 
with a shunt inductor of 6.2nH, see figure 19. 
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Figure 19: Smith chart of  𝑪𝒅𝒔 and the shunted inductor. 

The new optimum resistance can now be calculated by rewriting eq.12: 

𝑅𝑜𝑝𝑡 = 𝑈2

2𝑃
 eq.34 

Where P=15W and 𝑈 = 𝑉𝐷𝐶 − 𝑉𝑘𝑛𝑒𝑒 = 23𝑉, which gives 𝑅𝑜𝑝𝑡 = 17.63 Ω. 

3.4 Input matching network design 
 
This thesis was about matching an input network in order to get the maximum gain at the band 
frequencies 2.15 and 2.65 GHz, and also to compare results with networks that were 
unconditionally stable or a wide-band solution over the entire band. From the load-pull 
simulation an input impedance of 8-j7.43Ω was obtained at 2.15 GHz. This impedance will be 
matched to 50Ω. 
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Figure 20: A smith chart match to 50 Ω with Q=1.5 

In figure 20 a two-port matching network design has been applied to the network from the smith 
chart utility in ADS, it also plots the network response of this input match, showing 2 minimums 
as expected. It is noteworthy that the network response between these minimums also is better, 
showing that this network has gained bandwidth compared to figure 11. 
 
When designing the network, there are many possible solutions and figure 20 only shows one of 
them. Later on it is discovered that different combinations of low-pass high-pass sections give 
very similar results, a DC-blocking capacitor is needed at the input for most of the combinations, 
and therefore a high-pass low-pass input match is primarily used because the DC-blocking 
capacitor created at the input (see appendix B figure 53). See appendix B for comparison of 
different input matching networks.  
 
  



25 

 

 

3.5 Wide-band design 
To get a wide band design, it is possible to use built in optimization features in ADS. With a 
good initial guess, optimization can be done to see how different solutions affect the results over 
frequency or input power level. 

 
 

Figure 21: Transducer gain after optimization 

Figure 21 shows the transducer gain with 28dBm input power after optimizing the input 
matching network. In this picture, the gain clearly follows the typical characteristics of a GaN 
transistor, losing gain while the frequency increases. Because the input matching network 
consists solely of ideal reactive components, the stability of the circuit remains unchanged.  
 

3.6 Multiband design 
To get a high gain at the desired bands 2.11GHz-2.17GHz and 2.62GHz-2.69GHz, it is possible 
to increase the gain of a specific frequency band or more different frequency bands by bypassing 
the series stability resistance at these specific frequencies using band pass filters in parallel with 
the stabilization (hereafter referred to as “bypass filter”), this will allow the gain to increase in a 
specific band while compromising stability for the given frequency of the band. The decrease of 
stability makes it hard to match the input network without risking instability, and therefore a 
resistance in series with the bypass filter is added to maintain stability.  
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Figure 22: Example of how the stabilization is bypassed using a band pass filter 

This bypass filter can be used for the wide-band design as well. To achieve increased gain in two 
distinct bands at 2.15GHz and 2.65GHz and still maintaining unconditional stability requires the 
solution shown in figure 22, but with two parallel filters instead of one. It is still possible to 
lower the values of these resistances to increase gain and keep the circuit potentially stable at the 
band frequencies while maintaining unconditional stability on frequencies outside the filters. 
Increasing the bandwidth of the filter can be done by increasing the capacitance and decreasing 
the inductance. This will result in a wider band, and will also decrease the Q value. By 
decreasing the capacitance and increasing the inductance, the band will become narrower and the 
Q value will increase. 
 
3.7 Comparing ideal results  
This section compares the results of the ideal components for wide-band solutions and multi-
band solutions with unconditionally stability and potential instability in order to determine what 
solution is preferred. Gain and µ − prime for unconditionally stable and potentially unstable 
results for both wide- and multi-band are plotted in figure 23 and 24. 
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3.7.1 Unconditionally stable results 

 

Figure 23: Transducer gain and stability factor µ-prime of unconditionally stable wide-band and multi-band 
(dotted line) 

3.7.2 Potentially unstable results 

 

Figure 24: Transducer gain and stability factor µ-prime of potentially unstable results for wide-band and 
multi-band (dotted line) 

The unconditionally stable results in figure 23 show that the multi-band approach delivers more 
gain for two specific band frequencies. This is shown even better on the potentially unstable 
results in figure 24. One of the reasons why the multi-band has higher gain is because 𝜇-prime is 
lower for the multi-band approach. The reason why the multiband has a lower 𝜇-prime value 
than the wideband is because it is easier to maintain stability on the narrower bands 2.05-2.2GHz 
and 2.55-2.72GHz than the wider band 1.8-2.8GHz, also if stability is reduced for the wideband 
case then out band stability will be compromised. Stability circles and s11 plotted for both wide- 
and multi-band in the potentially unstable regions can be viewed in figures 25 and 25. 
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Figure 25: S11 with stability circles of the potentially unstable regions of the multi-band 

 

Figure 26: S11 with stability circles of the potentially unstable regions of the wide-band 

Stability circles and S11 in figures 25 and 26 have been plotted inside the potentially unstable 
frequency regions given by 𝜇-prime in figure 24. From these figures it is determined that both 
the wide- and multi-band unstable frequency regions are outside of the unstable regions of the 
smith chart, meaning that both designs are stable. Even if S11 would intersect with a stability 
circle would not automatically mean that instability occurs since each stability circle represents a 
specific frequency. For circuit design see appendix A. 
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Figure 27: The level of instability compared to the amount of gain achieved at that stability at 2.15GHz 

The plot shown in figure 27 shows the level of stability versus gain using a narrow band bypass 
filter at 2.15GHz. This means that the gain and 𝜇-prime shown is only for one specific 
frequency. 
 

3.7.3 Ideal component conclusion 
Since the main priority is to increase the gain of the two distinct bands the multi-band solution is 
chosen. The wide-band solution could also work, but it compromises the stability more than the 
multi-band when lowering resistance values in order to increase gain. This becomes clear 
viewing the mu and mu-prime factors in figure 24, where the stability is only altered at the band 
frequencies for the multi-band solution and over the entire band for the wide-band solution.  

Another factor to consider when implementing the wideband design using non-ideal components, 
is that in order to achieve a bypass filter using series inductor and capacitor  with the same 
bandwidth as used in the ideal example, a small inductance value is required (0.9nH compared to 
the multiband 6.67nH and 4.46nH) in the band pass filter. This means that any transmission lines 
implemented in the non-ideal case will significantly change the resonance frequency of the filter.  
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3.8 Implementation on glass substrate 
When constructing a specific circuit, several things have to be taken into consideration, for 
example size, transmission lines and non-ideal components. The goal for this specific circuit is to 
place the input matching network on an area smaller than 4mm2. In order to achieve this, 
components are made on a glass substrate using similar techniques that are commonly used for 
semiconductor manufacturing.  
 

3.8.1 Construction specifics 
The glass substrate allows for a very small realization of the design and also components 
constructed on the glass substrate will have a higher level of accuracy and less parasitics 
compared to surface mounted components. This will allow for the construction of the bypass 
filters which are very sensitive to changes in component values.  

Using non-ideal components may change how a circuit behaves, especially if certain parts of a 
design are very sensitive to change in component values. In this case the filters that bypass the 
stabilization are very sensitive and will drastically change their resonance frequencies if the 
values of either the inductor of capacitance are changed. Since the inductors are non-ideal there 
is a resistance introduced in series with the ideal inductor. However in this circuit this is actually 
helpful since the non-ideal inductors can be designed in such a way that they provide enough 
stability to keep the circuit conditionally stable, thus eliminating the need for extra resistances. A 
plot of the inductors resistance is shown in figure 28.  

 

Figure 28: Resistance of the given non-ideal inductor model 

Figure 28 has a step like nature it is unclear why the plot has this appearance but it is most likely 
due to a stepwise discrete linear function which is used to model the real inductors resistance. 
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Since there is a minimum spacing between components, transmission lines are needed to give an 
accurate simulation of the distances between the components on the circuit board. However these 
transmission lines have a relative short electrical length and will have very low impact on the 
circuit in general. 

3.9 Circuit modification for glass substrate implementation 
In order to realize the design, adjustment of the circuit must be made in order to be adaptable to 
the construction specifics. 
 

3.9.1 Transmission lines 
Using a transmission line that has the same electrical length as the one used in the ideal case 
(shown in figure 17) requires a transmission line of approximately 12mm which is not an option 
and an alternate solution must be found to replace the transmission line. A basic example of 
replacing a transmission line is shown in the figure below [10]. 

 
Figure 29: Replacement for transmission line 

However it is discovered that in this circuit, the shunt capacitances are redundant and are 
removed. 

Also, the design kit used does not take transmission lines between components into account 
which then need to be implemented manually in order to acquire an accurate simulation of the 
final circuit.  
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3.9.2 Capacitors 
There are two different capacitors offered on the glass substrate capa1 and capa2. They offer two 
different capacitance densities. Capa1 offers 70pF/mm2 and 140pF/mm2 and capa2 
offers 1nF/mm2, 2nF/mm2 and 5nF/mm2. This means that capa2 will be physically smaller 
for the same capacitance value than capa1.Therefore capa2 is used in general. However even 
though capa2 provides a smaller size physically, capa1 provides a higher accuracy where it is 
needed.  

Since there are two types of capacitors, consideration of the circuit must be made in order to 
determine which type is suitable. If the capacitance of the bypass filter is off by 10% the 
resonance frequency may change by as much as 100MHz, this is the case of capa2. The bigger 
and more expensive capacitances capa1 have an accuracy of 7.5% at the same conditions, 
therefore it is justified to use them for these circumstances. Figure 30 shows the difference in 
resonance frequencies for the bypass filters with a 10% difference in capacitance values. 

 

Figure 30: The differences in resonance frequencies with a 10% change in capacitances. 

In the other cases, where the capacitance does not make such an impact to the circuit, capa2 are 
preferred in general since it is smaller and cheaper. 
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3.9.3 Inductors 
There are two different types of inductors offered on the glass substrate. Inductor 1 is restricted 
to one metallization layer of spirals on the substrate while inductor 2 has two metallization layers 
of spirals. 

Both of the inductors have the same spacing of 10 µm.  Inductor 1 has a width of either 10µm or 
50µm and inductor 2 has a width of 10µm, 30µm or 50µm. While smaller size of the width of the 
inductors will decrease the amount of space it will take, it will also restrict the amount of current 
that can flow through the inductor. 

3.9.4 Resistors 
Due to a minimum resistance value of 35 Ω, multiple resistors are put in parallel to achieve the 
wanted values. See figure 31 for the non-ideal circuit. 

 

 

Figure 31: The non-ideal circuit 
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When implementing an integrated circuit like this, connections to the circuit are made via bond 
wires. These wires will introduce an inductance and multiple bondwires with minimum length 
are therefore put in parallel to reduce the inductance. The inductance that has been put on the 
input is 300pH and on the transistor gate is 200pH. After compensating for these inductances the 
gain achieved is shown on figure 33. 
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Figure 32: Final input matching network 

Figure 32 is the same circuit as figure 31 after implementing transmission lines and showing 
only the input match, for component values see appendix C. The output matching network has 
been optimized with the input matching network and the new values are now 18.7 Ω for the 
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output resistance and 2.24 nH for the shunt inductance. The resistance is a good match to the 
theoretical one from the load line theory used in the load pull section. 

3.10 Finalized circuit results 
When simulating the final circuit design, the following data was obtained. 
 

 
Figure 33: Transducer gain in dB 

 
In this figure we can see that the gain is over 15.2dB at both of the bands 2.11GHz-2.17GHz and 
2.62GHz-2.69GHz. 

 
Figure 34: 𝝁 and 𝝁-prime 

The left plot in figure 34 shows that the circuit is stable outside of the frequency band and the 
right shows stability in-band. 
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Figure 35: S11 of the potentially unstable regions 

Figure 35 shows the stability of the circuit from 2-2.2GHz and 2.55-2.75GHz. From previous 
steps we know that the circuit is unconditionally stable at other frequencies, and from this figure 
it becomes clear that these frequencies do not compromise the stability of the circuit since they 
are outside the unstable area.  
 

 

 
Figure 36: S11 in dB 

Figure 36 shows S11 of the finalized circuit. 
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Figure 37: Power sweep of transducer gain vs output power and PAE at 2.15GHz. 

 

Figure 38: Power sweep of transducer gain vs output power and PAE at 2.65GHz. 

This power sweep implements the input power as a variable. From figure 37 and 38 it can be 
seen that when the input power increases the gain decreases and output power increases up to a 
certain point where the output power remains constant and the gain is heavily reduced. This is 
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called the compression point where the transistor is unable to deliver more power, this occurs 
when input power is around 28 dBm. Even before the compression point is reached gain is 
reduced with more than 3dB. Also it can be seen that gain is still available at 43 dBm output 
power. 

 

 

Figure 39: Power sweep over S11 at frequencies 2.15 GHz and 2.65 GHz  

Figure 39 shows that minimum S11 is achieved at around 26dBm input power at 2.15 GHz and 
28dBm input power at 2.65 GHz. As input power increases gain is reduced but efficiency will 
increase, this is shown in figures 37 and 38.  
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Figure 40: A possible layout of the finalized circuit. 

 
The finalized design of the input matching network was supposed to fit on a 2x2mm glass 
substrate. However the glass-substrate components were not layout-compatible with ADS and 
therefore figure 40 is only a sketch of how the circuit could have been implemented. The board 
in the figure is 2x2 mm with approximated size values of inductors and exact size values of 
capacitor and resistances. The DC-block component used at the gate bias is excluded, but it 
could also be implemented on the substrate. 
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4. Conclusion and future work  
This thesis focused on increasing the gain on specific bands by implementing an effective input 
match. Using a Wideband input match a small signal gain of about 15dB can be achieved. When 
bypassing the stabilization resistance on specific bands, a small signal gain of over 20dB can be 
achieved. However there is a quite heavy gain compression when input power is increased. With 
an input power of 28dBm the gain on 2.15 GHz has been reduced to 15.5dB. This heavy gain 
compression can possibly be reduced by analyzing and designing an appropriate output match. 
However since the output match was not a part of this thesis this was not done.  

Stability of the transistor is achieved with the use of resistances that restricts the impedance 
values the transistor can be loaded with enough to reduce the scattering parameters to such a 
level that it makes the circuit unconditionally stable. By bypassing this stabilization more gain 
can be achieved, however stability on these frequencies becomes compromised. The circuit can 
be made unconditionally stable by introducing resistances in series with the bypass filter. This 
way gain is increased and stability is maintained. 

If the resistances are reduced to sizes of 1Ω the chance of instability becomes much increased, 
however this stability can still be maintained by implementing an appropriate input match that 
keeps the in band impedances of s11 and s22 on the smith chart outside the unstable regions 
while simultaneously increasing gain.  

When implementing this design using the glass substrate one is to take into account that there is 
an uncertainty in the unit values of capacitances and resistances. Mostly this does not affect the 
design, however a change in the values of the capacitances that are used for bypassing the 
stability will greatly impact the resonance frequencies of the bypass filters.  

Reducing the values of the inductors and increase the capacitances may give a greater accuracy 
on those capacitances while keeping the same resonance frequency. However reducing these 
inductors will simultaneously reduce the resistance provided by the non-ideal components and 
decreasing the stability of the circuit. Doing this will also increase the bandwidth of the band 
pass filter. This could easily be solved by introducing original resistances that are on the original 
circuit. 

The next step for this thesis would be to implement this design in reality using the glass 
substrate, this will allow for a small design that easily can be implemented on a circuit board. To 
do this, an accurate design of the actual circuit layout must be created and simulated. To make 
sure that the circuit works as intended. Now attempts to increase large signal gain may be 
applied possibly by designing an output match. It may also be important to find a more accurate 
solution for the bypass filters since they appear to be very unreliable at the moment due to their 
high selectivity. One possible solution for this could be to place several capacitors in parallel to 
reduce the likelihood of large variation in resonance frequency. It is recommended to perform 
statistical analysis (Monte-Carlo) to examine the effects of different solutions.  
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Appendix A: Comparing wideband and multiband 
 

Following is the circuit design and component values used for the comparison between the wide 
band and multi band design. 

 

Figure 41 

The Wide-band solution only uses Filter1. 
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Appendix B: Input matching networks 

 

Figure 42: Second order high pass filter 
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Figure 43: Gain and stability for the unconditionally stable wideband second order high pass filter 

  

 

 

Figure 44: Gain and stability for the potentially unstable wideband second order high pass filter 
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Figure 45: Gain and stability for the unconditionally stable multiband second order high pass filter 

  

 

 

Figure 46: Gain and stability for the potentially unstable multiband second order high pass filter 
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Figure 47: Second order high pass input match 

  



48 

 

 

 

   

 
 

 

Figure 48: Gain, stability and S11 for the potentially unstable wideband second order high pass filter 

   

   

Figure 49: Gain, stability and S11 for the unconditionally stable wideband second order high pass filter. 
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Figure 50: Gain, stability and S11 for the potentially unstable multiband second order high pass filter 
 

   

   

Figure 51: Gain, stability and S11 for the unconditionally stable multiband second order high pass filter 

indep(S_StabCircle1) (0.000 to 510.000)

 

RFfreq (2400000000.000 to 2900000000.000)

Stability circles



50 

 

 

 

Figure 52: High pass low pass input match 

   

   

Figure 53: Gain, stability and S11 for the potentially unstable multiband high pass low pass filter. 
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Figure 54: Low pass high pass input match 

   

   

Figure 55: Gain, stability and S11 for the potentially unstable multiband lowpass high pass filter  
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Appendix C: Final circuit with component values 
 

 

Figure 56: Final circuit with component values 
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