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ABSTRACT 

 
In this thesis a bonded Gallium nitride (GaN) power amplifier (PA) is designed 

using 3D modeling tool to design layout for the gate and drain matching elements 

for the GaN PA including bondwires. 1D circuit simulator is used to simulate the 

PA operation with 3D simulated matching blocks and large signal GaN device 

model. GaN device used in this design is Qorvo’s TGF2023-2-02. 3D simulated 

drain and gate matching layouts are based on the TGF2023-2-02 datasheet’s load-

pull data and the large signal simulations. The target operational frequency for 

the power amplifier is from 5.6 GHz to 6.0 GHz. The main design goal is to 

achieve 60% drain efficiency, 36 dBm maximum output power and over 12 dB 

gain in the operational band. With simulations, 59.2% drain efficiency, 41.5 dBm 

output power and 15.8 dB gain is achieved using 28 V drain voltage. According 

to the measurements, the highest drain efficiency is 59.2% using lower 18 V drain 

voltage. With measurements, 37.04 dBm drain efficiency and 14.2 dB gain were 

achieved using the lower drain voltage. This means that the fabricated power 

amplifier achieves the designed output power and gain targets while the drain 

efficiency is only 0.8 pp lower than the target.  

 

 

Keywords: GaN, RF power amplifier, impedance matching, drain efficiency, 3D 

modelling. 
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TIIVISTELMÄ 

 
Tässä diplomityössä suunnitellaan bondattu galliumnitridi (GaN) RF-

tehovahvistin käyttäen 3D mallinnustyökalua GaN tehovahvistimen hilan ja 

nielun impedanssi sovituksien suunnitteluun ja mallintamiseen. Mallinnus 

sisältää myös bondauslangat. 1D piirisimulaattorilla simuloitiin tehovahvistimen 

toimintaa käyttäen 3D simuloituja sovituksia ja GaN vahvistimen 

suursignaalimallia. Tässä työssä käytetty GaN tehovahvistin on Qorvon 

valmistama TGF2023-2-02. Simuloidut nielun ja hilan sovituselementit 

perustuvat suursignaali simulointeihin sekä TGF2023-2-02:n datalehden 

loadpull-dataan. Tehovahvistin suunnitellaan 5,6 GHz – 6,0 GHz taajuusalueelle. 

Tavoitteena on saavuttaa 60% nieluhyötysuhde, 36 dBm lähtöteho ja yli 12 dB 

vahvistus.  Simuloinneissa saavutetaan 59,2 % nieluhyötysuhde, 41,5 dBm 

lähtöteho ja 15,8 dB vahvistus käyttäen 28 V nielujännitettä.  Mittauksissa suurin 

nieluhyötysuhde, 59,2% saavutetaan alemmalla, 18 V nielujännitteellä. 

Alemmalla nielujännitteellä suurin lähtöteho on 37,04 dBm ja vahvistus 14,2 dB. 

Tämä tarkoittaa sitä, että lähtöteho ja vahvistus tavoitteisiin päästään. Nielun 

hyötysuhde on vain 0,8 prosenttiyksikköä alle tavoitteen.  

 

Avainsanat: GaN, RF tehovahvistin, impedanssi sovitus, nieluhyötysuhde, 

                    3D mallinnus. 
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ABBREVIATIONS AND NOTATION 
 

 

 

 

ABBREVIATION   explanation 

 

5G     5th generation wireless systems 

ACPR    Adjacent-channel power ratio 

AlGaN    Aluminium-gallium-nitride 

AlN     Aluminium-nitride 

AuSn    Gold-tin 

AWR    Applied Wave Research 

CMOS    Complementary metal–oxide–semiconductor 

CST     Computer Simulation Technology 

dB     Decibel 

dBc     Decibels relative to carrier 

dBm     Decibels relative to milliwatt 

DC     Direct current 

DE     Drain efficiency 

E-UTRA    Evolved UMTS Terrestrial Radio Access 

FIT     Finite Integration Technique 

FET     Field-effect transistor 

GaN     Gallium-nitride 

GHz     Gigahertz 

h     Substrate thickness 

HBT     Heterojunction bipolar transistor 

HEMT    High electron mobility transistor 

IDQ     Drain quiescent current 

IM3     3rd order intermodulation 

IRL     Input return loss 

LDMOS    Laterally Diffused metal-oxide-semiconductor 

LTE     Long-Term Evolution 

MHz    Megahertz 

NPN     Negative-positive-negative 

PA     Power amplifier    

PAE     Power-added efficiency 

PAR     Peak-to-average power ratio  

PCB     Printed circuit board 

RF     Radio frequency 

S11     Input reflection scattering parameter 

S12     Reverse voltage gain scattering parameter 

S21     Forward voltage gain scattering parameter 

S22     Output reflection scattering parameter 

SMA    SubMiniature version A 

SOI     Silicon on insulator 

t     Microstrip thickness 
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UMTS    Universal Mobile Telecommunications System 

VGQ     Gate quiescent voltage (gate bias voltage) 

VDQ     Drain quiescent voltage (drain voltage) 

w     Microstrip width 

Z0     Impedance of free space 

Zms     Microstrip impedance 

εr      Relative dielectric constant 

ΓL     Output reflection coefficient 

ΓS     Input reflection coefficient 
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PREFACE 
 

 

The goal of this thesis was to study the design process and verification (by 

measurements) of a bonded GaN power amplifier. The power amplifier design was 

part of larger power amplifier concept where the verification of the single power 

amplifier was mandatory before the larger concept could be studied fully. The work 

was carried out in Esju Ltd during a research project. I would like to thank the members 

of the Esju research team, Eero Koukkari, Antti Heiskanen and Timo Tarvainen and 

other people at Esju for their continuing support during the project and during the 

making of this thesis. 

    The bonding and mounting of the GaN device were done by Matti Polojärvi at the 

University of Oulu. I would like to thank him for his time and especially his feedback 

concerning the GaN mounting process. I would also like to thank the supervisors of 

this thesis, Janne Aikio and the second examiner Timo Rahkonen for their help and 

comprehensive feedback during the long process of making this thesis. 

 

 

In Oulu 06.09.2017 

 

Mika Piiroinen 
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1. INTRODUCTION 
 

 

Mobile network base stations are the links between the mobile device and the 

backbone network on the internet. The mobile base station’s basic function is to 

communicate with the mobile device using receivers and transmitters. A receivers use 

sensitive detectors and signal amplification to receive the signal from the mobile 

device while the transmitters send the signal over large distances to the mobile device. 

Mobile base stations or cells are categorized by their range that depends on the output 

power. The smallest cells are called femtocell that can have as low output power as 

10mW. The largest cells are called macro cells that can provide output power up to 

160W [1]. An important part of the base station’s transmitter chain is the power 

amplifier. 

    Almost all mobile network base stations contain one or multiple power amplifiers 

(PAs). PAs are used as a last stage of signal amplification. The PA has always higher 

specified output power than the base station because the losses between the PA and 

the antenna have to be considered. The output power of PA is usually from 100mW 

up to 200W [1]. The signal processing before the power amplifier is done with 

significantly smaller signal levels. PA’s performance is defined by its signal 

amplification, output power, power consumption and linearity. An ideal PA doesn’t 

distort the transmitted signal in any frequency or output power level [2]. 

     The increasing demand for higher data rates has created a demand for wider signal 

bandwidth, which are available at higher frequencies. The next generation .i.e. 5G 

mobile base stations are suggested to use frequencies up to 43.5 GHz [3]. Higher 

frequencies bring new challenges such as limitations of manufacturing technologies 

and changes in signal propagation [4]. The power losses in the materials become 

greater when the frequencies are increased and this will reduce the efficiency of the 

PA. Promising technologies such as GaN HEMT can achieve higher efficiency at high 

frequencies and will have bigger role in the base station PAs in the future as a 

replacement for the currently widely used LDMOS technology.   

      In this thesis the theory of the PA design and verification is briefly presented 

chapter 2. This is followed by more detailed PA matching design process using 

simulator tools in chapter 3 and chapter 4. Finally in chapter 5, the measurement results 

of the PA’s small and large signal operation are presented and analyzed. 
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2. THEORY 
 

2.1. LDMOS 

 

Npn-type LDMOS (Laterally Diffused metal-oxide-semiconductor) structure is 

presented in   Figure 1.    In npn-type FET, the positive voltage between gate and the 

ground (source and bulk) changes the conductivity of the channel between source and 

drain. The change in conductivity occurs because the positive gate voltage pushes the 

charge carrying holes from the channel area to deeper into the structure, allowing the 

electrons move from source to drain. In LDMOS the source is connected to the surface 

via highly doped p-type region. This means that there is direct grounding for the source 

which removes need of ground connection wires.  Due to the lack of these bondwires 

there is less inductance between source and the ground, which helps to reduce negative 

feedback and gain loss at higher frequencies [5]. Generally with GaN, higher drain 

voltages can be used but LDMOS using 65 V drain voltage has been reported [6]. 

LDMOS is cheaper and more mature technology than GaN and it is commonly used 

in mobile base station PAs.  

 

 

  Figure 1. LDMOS structure. 

 

 

2.2. GaN HEMT 

 

GaN HEMTs (Gallium-nitride High Electron-Mobility Transistor) are used in RF PAs. 

GaN HEMT utilizes two-dimensional electron gas which is accumulated between GaN 

and AlGaN. GaN and AlGaN have different bandgap energies and this means that 
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heterojunction is formed between them. The highly doped AlGaN releases electrons 

to the two-dimensional electron gas formed to the edge of the undoped GaN. Because 

the region GaN is not doped, it has very few impurities, which could slow down the 

charge carrying electrons. An example of the GaN HEMT structure with AlN 

nucleation layer is shown in Figure 2 [7].  

  The two-dimensional electron gas results in low on-state resistance, which leads to 

low power consumption. GaN HEMTs have high power densities and high breakdown 

voltages, which leads to high power efficiency. This is because higher drain voltages 

can be used, which helps to achieve high output impedance per watt of RF power [8]. 

The comparison between semiconductor materials used in HEMTs are presented in 

Table 1 [9]. 

 

 

Figure 2. GaN HEMT structure. 

 

 

Table 1. Si, GaAs and GaN HEMTs compared 

Material Mobility, µ, 

[cm2/Vs] 

Bandgap, Eg, 

[eV] 

Break down 

field, Eb 

106[V/cm] 

Tmax [°C] 

Si 1300 1,12 0,3 300 

GaAs 5000 1,42 0,4 300 

GaN 1500 3,4 3,4 700 
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2.3. Other power amplifier technologies 

 

2.3.1. CMOS 

  

Using CMOS (Complementary metal–oxide–semiconductor) technology it has been 

challenging to create viable PA mainly due to the low breakdown voltage, large back-

off requirements to achieve the required linearity which result in poor efficiency .There 

are techniques that can medicate the CMOS limitations. With analog PA, transformer 

power combining and bias-point optimization have been used to increase the output 

power and linearity [10]. In addition, stacked (SOI) CMOS PAs are commonly used 

[11]. 

 

2.3.2. HBT 

 

HBT (Heterojunction bipolar transistor) has vertical current flow and hence less 

affected by surface imperfections. PAs using HBT technology can produce several 

watts of output power but it is commonly used in low power base stations and mobile 

devices [12]. HBT has lower breakdown voltage, which limits the high power 

applications. The breakdown voltage can be increased by reducing collector doping, 

which increase collector thickness but at the same time lowers the cutoff frequency 

[13]. 

 

2.3.3. Technology comparison 

 

In Table 2 the important features of the different PA technologies are listed [14]. When 

comparing these technologies the GaN HEMT has the best features for high frequency, 

high power and efficient PA. 

 

Table 2. PA technology comparison 

 Price / 

Watt 

Power 

density 

Supply 

voltage [V] 

Frequency 

[GHz] 

Efficiency 

GaN HEMT High Very High   > 48 > 12 High 

CMOS Low Low 1 - 5 > 12 Low 

Si LDMOS Low Low 26 - 65 < 3 Medium 

GaAs HBT Low High 8 – 26 > 2 High 
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2.4. Impedance matching 

 

PA’s input and output are matched in order to have optimal gain, output power, 

efficiency and linearity for the wanted operational frequency. For nonlinear operation 

these optimal matching impedances are usually defined by the measured or simulated 

load-pull data, which is usually provided by the manufacturer. General input and 

output matching can be described using  (1) and (2), which show how the input 

matchings affects the output matching and vice versa [15]. 

 

s11´ = s11 + 
𝑠21𝑆12𝛤𝐿

1−𝑠22𝛤𝐿
 ,    (1) 

 

s22´ = s22 + 
𝑠21𝑆12𝛤𝑠

1−𝑠11−𝛤𝑠
  .    (2) 

 

 

In (1) and (2) s11´ = input match, s22´ = Output match, s11 = input reflection, s22 = output 

reflection, s21 = transmission parameter, s12 = reverse transmission parameter, ΓL = 

output (load) reflection coefficient and ΓS = input (source) reflection coefficient. 

 

 

2.5. Microstrip matching 

 

2.5.1. Microstrip characteristic impedance 

 

Microstrips are used to create input and output matching circuits for the designed PA. 

Microstrip line has characteristic impedance which mainly depends on the width of the 

microstrip, its distance to the ground plane and permittivity of the substrate. 

Characteristic impedance for narrow microstrip can be calculated as [16]  

 

 

 

Zms = 
𝑍0

2𝜋√2(1+𝜖𝑟)
ln(1 +

4ℎ

𝑊𝑒𝑓𝑓
(
14+

8

𝜖𝑟

11

4ℎ

𝑊𝑒𝑓𝑓
+√(

14+
8

𝜖𝑟

11
+

4ℎ

𝑊𝑒𝑓𝑓
)

2

+ 𝜋2
1+

1

𝜖𝑟

2
)) (3) 
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Weff = w + t 
1+

1

𝜖𝑟

2𝜋
 ln

(

 
 
 

4𝑒

√(
𝑡

ℎ
)
2
+(

1

𝜋

1

𝑤
𝑡
+
11
10

)

2

)

 
 
 

,    (4) 

 

 

where Z0 = impedance of free space,  εr = relative dielectric constant, h = substrate 

height, t = microstrip thickness, w = microstrip width, Weff = effective microstrip width 

and e = elementary charge. 

 

 

2.5.2. Impedance matching 

 

Impedance of a microstrip line in RF-board depends on the width of the line. If the 

existing impedance is at the center of the smith chart and then microstrip line width is 

changed, the impedance follows in a circle with a radius of the difference between the 

original and the changed impedance. The impedance will travel to the other side (180°) 

of the smith chart when the electrical length of the microstrip line is one quarter of the 

wave length. Because the radius of the impedance circle increases with the increased 

impedance, it is common to change impedance .i.e. the line width gradually. Example 

of the two step impedance change can be seen in Figure 3 [17].  

 

 

 

Figure 3. Impedance change in a microstrip from 50 Ω to 18.5 Ω using two steps. 
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Figure 4. Impedance change in a microstrip from 50 Ω to 18.5 Ω using two steps Smith 

chart. 

   

 

2.6. Small signal performance 

 

2.6.1. Gain 

 

Gain defines how much the PA amplifies the input signal. The gain is usually 

expressed in decibels, which means that 3 dB power gain doubles the signal power in 

watts. In this thesis the small signal gain is measured using S21-parameter.  Gain in 

decibels can be calculated as [18] 

 

Gain [dB] = 10log(
𝑃𝑂𝑢𝑡

𝑃𝐼𝑛
) .    (5) 

 

2.6.2. Input return loss 

 

Input return loss (IRL) measures how much power is reflected back from the PA to the 

input direction. -3 dB input return loss means that half of the input power is reflected 

back. In this thesis the input return loss is defined by S11-parameter [18]. 
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2.7. Large signal performance 

 

2.7.1. Nonlinear output 

 

All PAs have nonlinear gain when the input power is increased over certain point. The 

PAs maximum output power is often measured at 3 dB compression point. This is the 

point where the gain has dropped 3 dB from the linear (low power) range. For PAs the 

output RF-power is usually reported as dBms, which is the power relative to 1 mW. 

An example of this nonlinear gain at compression point can be seen in Figure 5. The 

compression in gain is caused by the nonlinear distortion. The nonlinear distortion can 

be illustrated using polynomial in which a1x(t-τ1) models the linear operation and 

higher degrees describe the distortion [19]. The second and third components of the 

polynomial are related to the second and third harmonics, which are commonly the 

strongest distortion components. Polynomials for linear and nonlinear signal are 

 

YL(t) = a1x(t-τ1)      (6) 

 

YNL(t) = YL(t) +a2x(t-τ2)
2+a3x(t-τ3)

3 +…   .   (7) 

 

 

 

Figure 5.  Linear and nonlinear output power. 
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2.7.2. Efficiency 

 

Drain efficiency (DE) is the ratio between RF and DC power. Equal RF and DC powers 

would result in 100% drain efficiency, which is not practical in real world PAs as it 

would mean zero losses in the amplifier. Drain efficiency is expressed as 

 

DE = 
𝑃𝑅𝐹(𝑤𝑎𝑡𝑡𝑠)

𝑃𝐷𝐶(𝑤𝑎𝑡𝑡𝑠)
 * 100%.    (6) 

 

 

Another way of expressing the efficiency is the power-added efficiency (PAE). PAE 

is similar to drain efficiency but it takes to account the input power i.e. the power gain. 

In addition to the zero losses, an infinite gain is required for 100% efficiency. PAE is 

expressed as [12]  

 

PAE = 
𝑃𝑅𝐹𝑜𝑢𝑡(𝑤𝑎𝑡𝑡𝑠)−𝑃𝑅𝐹_𝑖𝑛(𝑤𝑎𝑡𝑡𝑠)

𝑃𝐷𝐶(𝑤𝑎𝑡𝑡𝑠)
 * 100%.   (7) 

 

 

2.7.3. AM-PM 

 

Gain compression of the PA affects the measured S21-parameter’s phase. Phase 

change is measured with power sweep starting from linear power range and ending to 

a certain compression point. Often 1-dB and 3-dB compression points are used. When 

measured using a single frequency point this phase variation relative to signal 

amplitude is called AM-PM conversion (or simply AM-PM) [15]. The AM-PM 

conversion is commonly used figure of merit to indicate how difficult the signal is to 

linearize with pre-distortion systems.  

 

 

 

2.7.4. ACPR 

 

ACPR (Adjacent-channel power ratio) is the ratio between the modulated channel 

power and adjacent channel power. The adjacent channel power is caused by the 

spectral regrowth due to nonlinear distortion. ACPR measures PA’s spectral linearity. 

Commonly dominating distortion (in the ACPR) is the third-order intermodulation. 

Using two tones at frequencies f1 and f2 the third-order intermodulation products 

(IM3L and IM3H) are generated to frequencies 2f1 – f2 and 2f2 – f1 [15]. For single 

carrier modulated signal this means that the distortion sidebands are generated on each 

side, next to the modulated signal. Nonlinear distortions next to the modulated signal 

is shown in Figure 6.  
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Figure 6. Output spectrum of the PA exited with a modulated signal along with 

illustrated 2-tone spectrum. 

 

2.8. Amplifier classes 

 

The basic amplifier is operating at class A, AB, B or C. These operational classes 

are based on the gate biasing point. A current between the source and the drain starts 

to flow when the voltage at the gate reaches a threshold voltage. Only the part of the 

modulating gate voltage, which is over this threshold voltage produces modulated 

current at the output. In Figure 7 is shown the current outputs of four differently biased 

amplifiers. 

 

   

 

Figure 7. Current outputs of the class A, AB, B and C amplifiers. 
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Table 3 presents the operational properties of class A, AB, B and C amplifiers. The 

class A amplifier is biased in the middle point of the linear range so that there is no 

distortion between low and high point of the signal at the output. The maximum 

theoretical efficiency of class A amplifier is 50%. The class AB amplifier is biased 

between the middle point of the linear area and zero. With the class AB amplifier, part 

of the input signal’s negative part is cut at the output. This is due to the lower biasing 

that doesn’t allow conduction with lowest part of the input signal. The efficiency of 

the class AB amplifier is between 50% and 78.5% (between class A and B). The class 

B amplifier is biased to zero. This means that only the positive side of the input signal 

is present at the output. The maximum efficiency of the class B amplifier is 78.5%. 

The class C amplifier is biased below zero. This means that only some of the positive 

side of the input signal is visible at the output. The class C amplifier can achieve 80% 

efficiency [15].  In Figure 8 is shown the biasing points of the class A, AB, B and C 

amplifiers. 

  

Table 3. Class A, AB, B and C amplifier operational properties 

Class Normalized 

bias point  

Normalized 

quiescent 

current 

Conduction 

angle 

Maximum 

efficiency 

A 0,5 0,5 2π 50% 

AB 0 – 0,5 0 – 0,5 π - 2π 78.5% 

B 0 0 π 78.5% 

C < 0 0 0 - π 80% 

 

 

 

Figure 8. Biasing points of class A, AB, B and C amplifiers. 
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2.9. 3D simulator 

 

CST Microwave Studio 3D simulator was used during the design to simulate gate and 

drain matching elements. It is necessary to use 3D simulator for optimal design 

accuracy, because the PA matching design is truly 3-dimensional. This is because the 

capacitors, resistor and bondwires were 3D modeled in the matching simulations. In 

addition, even for planar microstrip structures the actual electric and magnetic fields 

are 3-dimensional. 

 

 

2.9.1. Simulation mesh 

 

Mesh is simulator’s view of the simulated structure. Denser mesh results in higher 

simulation accuracy. The tetrahedral mesh used with the frequency domain solver is 

good with highly conductive elements and complicated shapes. Tetrahedral mesh 

follows the structure shape. Example of the tetrahedral mesh can be seen in Figure 9. 

Wavelength inside of a structure depends on its material. For the used simulator the 

default value for tetrahedral meshing is four points per wavelength. For surface 

meshing six points per wavelength is the default value [20]. 

 

 

Figure 9. Tetrahedral mesh at gate bonding area. 
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2.9.2. Waveguide ports 

 

Waveguide ports are boundary conditions that enables the stimulation as well as the 

absorption of energy. Waveguide port simulates an infinitely long waveguide 

connected to the structure. The waveguide field modes travel out of the structure 

toward the boundary planes and leave the computation domain with very low levels of 

reflections [20]. Waveguide ports are located at the input and output of the matching 

elements. In addition to the RF input and output, in PA design presented in this thesis 

the waveguide ports are used for gate and drain bias voltage inputs. 

 

 

 

Figure 10. Cutting plane of the microstrip electric field from the waveguide port. 

 

 

2.9.3. Time domain solver 

 

The time domain solver (also called transient solver) calculates the electric and 

magnetic fields at discrete points in time. It evaluates the structure by sending 

excitation field from the port (or other field source), which travels through the structure 

to another port and also reflects back to the excitation port. The time domain solver 

uses the Finite Integration Technique (FIT) for solving the fields numerically. FIT 

method discretizes the integral form of the Maxwell's equations [21]. The time domain 

solver is faster than the frequency domain solver when the simulated material or space 

is big in all directions but it is not efficient when the simulated object is mostly planar. 

   Small conductive elements like bondwires are more efficient to simulate using 

frequency domain solver’s tetrahedral mesh because the mesh can follow the 

conductive structure without spreading to the surrounding space. The time domain 

solver uses hexahedral mesh that is shown in Figure 11. 
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Figure 11. Cutting plane of the hexahedral mesh. 

 

2.9.4. Frequency domain solver 

 

Frequency domain solver works by transferring the Maxwell’s equations into the 

frequency domain. The fields are described by phasors that are related to the transient 

fields by multiplying the phasor with the time factor and taking the real part of the 

electric field. The frequency domain solver uses broadband frequency sweep 

techniques in order to calculate the full broadband spectrum from a small number of 

frequency samples [20].  

The frequency domain solver was selected for the design process because it can be 

used with tetrahedral mesh that can have highly localized meshing enhancements. In 

addition, this means that the simulation time is shorter compared to the time domain 

solver when layout structure requires high accuracy meshing to small area. Table 4 

presents simulation durations for the gate and drain matching elements with time and 

frequency domain solvers. 

 

 

Table 4. Simulation durations with time and frequency domain solvers 

Simulation Time domain Frequency domain 

Gate matching 10 h, 23 min, 14 s 21 min, 28 s 

Drain matching 7 h, 21 min, 4 s 9 min, 26 s 

 

 

 

 

 



 

 

23 

3. POWER AMPLIFIER DESIGN 
 

3.1. Design specifications 

 

The PA design presented in this Master’s thesis is part of a larger PA concept that was 

designed in Esju as a part of a customer project. Operational frequency of the PA was 

defined by the customer. The Qorvo’s TGF2023-2-02 GaN was selected based on 

specifications and the availability of the large signal simulation model. After the GaN 

amplifier was selected the layout design began by using 1D and 3D simulators to match 

the S-parameters to the load-pull data. The focus of the design was to achieve good 

output power and efficiency. The gain of the PA was not considered to be significant 

design aspect. For this reason the drain efficiency is used to calculate the PA’s 

efficiency. The wanted PA specifications are listed in Table 5. 

 

Table 5. PA specifications 

Specification Value 

Gain >12 dB 

Output power at 3-dB compression 

point 

> 36 dBm 

Drain efficiency > 60 % 

Frequency range 5.6 GHz to 6.0 GHz  

 

 

3.2. PCB fabrication 

 

After the matching simulations were ready the PA PCB panels were designed and 

ordered. Holes for attaching the GaN device were drilled to the PA boards through the 

substrate between the gate and the drain matching sides, which allows physical contact 

to the bottom ground copper. The original plan for the final PA assembly was to solder 

the GaN directly to the PA PCB’s visible ground area using AuSn (80/20) solder 

recommended by Qorvo. After the GaN was soldered to the board the bondwires for 

the gate and the drain sides were bonded at University of Oulu. Unfortunately, the 

surface of the GaN and the PCB were not aligned, which made the bonding very 

difficult. In fact, less than 20 % of the GaNs were bonded successfully. Therefore a 

copper carrier was added under the GaN so that the bonding would be more successful. 
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3.3. Measurements 

 

The RF-measurements were done using Network analyzer, spectrum analyzer and a 

signal generator. Voltage and current meters were used to measure DC-power 

consumption of the PA. Network analyzer measurements were done using automated 

test system that was developed at Esju for this Thesis and it was implemented using 

Python coding language.  

 

 

3.4. Power amplifier substrate material and structure 

 

3.4.1. Substrate material 

 

The Rogers RO3035 substrate material was selected for this PA design due to its 

suitable electrical and thermal properties. RO3035 is ceramic-filled PTFE based circuit 

material. RO3035 is a good choice for PA substrate because it has low dissipation 

factor. This means that the dielectric losses of the substrate are low. Due to the fact 

that GaN has high heat power density the thermal properties are also important. Good 

heat conduction removes the heat from the GaN and poor flammability of the substrate 

makes it safer to use. Substrate properties are listed in Table 6 [22].  

 

 

Table 6. Important substrate properties of RO3035 

Property Typical value Condition 

Dielectric Constant in 

design, εr 

3.6 8 GHz – 40 GHz 

Dissipation Factor 0,0017 10 GHz, 23°C 

Thermal Conductivity 0.50 W/m/K 80°C 

Flammability V-0 - 

 

3.4.2. Substrate structure 

 

The PA board is a two layer PCB with bottom layer pressed to a thick copper plate 

for optimal heat transfer and ground contact. The PCB structure is shown in Figure 12. 

PA’s DC power, bias voltage and RF-signals travel via the microstrip lines on the top 

side. Thin substrate layer is practical for the selected GaN in this design because it 



 

 

25 

needs to be installed with short bondwires. Long bondwires would negatively affect 

the performance of the PA by adding inductance between the PCB’s microstrip 

structure and the GaN. 

 

 

 

Figure 12. PA substrate structure in relative scale. 

 

 

3.5. Selected GaN device 

 

GaN amplifier used in the design is Qorvo’s TGF2023-2-02 (and from this point on 

GaN refers to it). Typical applications for this GaN are Defense & Aerospace and 

Broadband Wireless systems. The most important features of the TGF2023-2-02 are 

presented in Table 7 [23]. TGF2023-2-02 has high power density, high PAE and wide 

usable frequency range, which are desired qualities for PA design. 

 

Table 7. Figure of merit of TGF2023-2-02 

Frequency range DC – 18 GHz 

Maximum PAE @ 6 GHz 63.4% 

Nominal PSAT 41.2 dBm 

Linear Gain @ 6 GHz 18 dB 

Chip Dimensions 0.82 x 0.92 x 0.1 mm 

Max drain to gate voltage 100 V 

Max drain current 2.5 A 
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The GaN’s conductive top side is shown in Figure 13. There are two separated areas.  

The left side is for the gate side and the right side is for the drain side. The conductive 

top layer is used to connect the GaN to the PCB’s microstrip structure using bondwires. 

 

 

 

Figure 13. Conductive parts on the top of the GaN. 

 

 

3.6. GaN mounting and bonding 

3.6.1. GaN mounting 

 

Mounting the GaN to the PCB is challenging due to its small size. The bottom of the 

GaN has to have a good contact to the copper plate under the substrate for optimal heat 

transfer and ground contact. GaN produces lot of heat from its small surface area and 

that is the reason why there must be a good heat transfer from the GaN to the copper 

plate. With expected maximum power and efficiency it is expected that at least 4 W 

dissipated power is produced from the 0.7544 mm2 surface area. There is a hole drilled 

to the substrate between the gate and drain side so that there is direct access to the 

copper plate from the top. The edge of the hole is covered with copper. The mounting 

hole is shown in Figure 14. 
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Figure 14. PCB without soldered components. 

 

 

In the original design it was expected that the mounting hole would be around 0.1 mm 

deep, which is close to the substrate thickness (0,127 mm). However during the 

manufacturing, mounting holes (in substrate panels) were drilled too deep. The depth 

of the mounting hole was measured to be around 0.3 mm. A few test PAs were 

assembled by soldering the GaN directly to the bottom of the mounting hole. The GaN 

soldered to the bottom of the mounting hole is shown in Figure 15. The gap from the 

GaN to the surface of the PCB was too large for successful bonding. The result was 

that only one PA from nine didn’t have the gate shorted to the ground. A shorted gate 

means that the gate bias voltage is zero and the GaN will (most likely) break if the 

drain voltage is applied. 
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Figure 15. GaN soldered directly to the bottom of the hole. 

 

This problem was solved by adding a thin piece of copper to the mounting hole. The 

copper carrier is shown in    Figure 16. This copper carrier increased the floor of the 

mounting hole but did not compromise the heat transfer from the GaN. Before 

installing the GaN the copper carrier was made smooth by drilling the surface with a 

small drill. The GaN was glued with conductive adhesive on the copper carrier. The 

GaN clued to the copper carrier is shown in Figure 17. 

 

 

 

   Figure 16. The copper carrier in the hole. 
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Figure 17. GaN glued on the copper carrier. 

 

3.6.2. Bondwires 

 

Bondwires used in this design have 25µm diameter and are made of gold. Bondwires 

connect the GaN’s gate and drain to the PCB’s top microstrip layer. The 4 bondwires 

on the left are for the RF input and gate bias voltage and from 5 bondwires on the right 

(the drain side) 3 are for the RF and 2 for the DC. For a wide band design, it is desired 

that the bondwires are as short as possible. According to the matching simulations, it 

is important that the matching capacitance structures are located very close to the GaN. 

Bonding areas on the GaN can be seen in Figure 18. According to the GaN’s datasheet, 

the maximum recommended diameter for the bondwire is 17µm. The smaller diameter 

bondwires have better change to be successfully bonded, which is important for mass 

produced products but this prototype design that is not a big issue. Bondwire diameter 

has small effect on the input matching, as it can be seen in Figure 19. 
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Figure 18. Bonding areas. 

 

 

 

Figure 19. Input matching simulated 17µm (red) and 25µm (green) diameter 

bondwires. 

 

 

3.6.3. Bondwire length 

 

The length of the bondwire is important factor for the design. This is because the 

bondwires connect the GaN to the board and are the first part of the matching network 

for the input and the output side. In this PA design it was important that the bondwires 
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are as short as possible. 3D simulated results for input and output matchings with 

different bondwire lengths are shown in Figure 20 and Figure 21, respectively.  In 

these simulations the bondwire maximum height was used as a parameter for the length 

change. The impedance changes when the maximum height of the bondwire is 

changed. In addition to the added inductance, which moves the impedance clockwise 

on the smith chart, the impedance from lower to higher frequency increases. The height 

of the fabricated bondwires was expected to be between 0.1 mm and 0.2 mm. 

 

 

Figure 20. Input matching with bondwire heights from 0.1mm to 0.5mm. 

 

 

 

 

Figure 21. Output matching with bondwire heights from 0.1mm to 0.5mm. 
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3.6.4. Bondwire cover 

 

Bondwires can easily be detached from the PCB. A bondwire cover was added so that 

the bondwires won’t be damaged while the measurement setup is assembled. The 

cover is made of PTFE and it partly covers the matching capacitance areas on the PCB. 

PTFE’s relative dielectric constant is 2.1 [24]. This increases the matching 

capacitance. Photograph of the PCB with the cover and its 3D simulated effect on the 

input matching can be seen in   Figure 22 and   Figure 23, respectively. 

 

 

 

  Figure 22. PCB with bondwire cover. 

 

 

 

  Figure 23. 3D simulated bondwire cover’s effects on the input matching. 
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3.7. GaN load-pull data 

 

The measured load-pull contours for the GaN at 6 GHz is shown in       Figure 24. The 

smith chart shows the power, gain and PAE contours. The goal of the design was to 

realize output impedance (drain matching impedance) between maximum power and 

maximum PAE contours. The basic structure layout was designed using the load-pull 

data. The final optimization of the matching layout was done using the large-signal 

model simulations. The advantage of the load-pull data is that it is based on actual 

measurements of the GaN. The disadvantage of the single frequency point load-pull 

contours are that they are limited to a narrow frequency range. 6 GHz was selected as 

the target frequency point for maximum drain efficiency and peak output power so that 

the simulated and measured results could be easily compared to the (GaN) datasheet’s 

values. 

 

 

 

      Figure 24. Measured load-pull contours for the GaN at 6 GHz. 
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3.8. Gate matching 

 

3.8.1. Gate matching goal 

 

Matching the input impedance of the PA is important for the wanted operation due to 

the fact that optimal operation is limited to a certain impedance areas. In the load-pull 

data the input impedance is 2.07+5.07i Ω at 6 GHz, but this is not optimal for the 

operation of the PA. In addition to the load-pull data a large signal model of the GaN 

was available. Large signal models are useful when the load-pull data is limited to 

certain frequency points. According to the simulations the optimal gate matching target 

would be around 2.5-0.5i Ω for the wanted frequency range from 5.6 GHz to 6.0 GHz. 

The goal of the design was also to make the useful operational range as wide as 

possible, which means that the large signal model was used in the final design. 

 

 

3.8.2. Matching steps  

 

The input signal for the PA is fed via 50 Ω SMA connector, GaN would be connected 

to the PCB microstrip via bondwires, which affects the matching. The ideal 1-

dimensional input matching simulations were done in 4 steps (see Table 8. Gate 

matching steps. The task of the matching circuit is to move the impedance from the 50 

Ω center point of the smith chart to the optimal input impedance of the GaN. The 

schematics gate matching step of the 1D circuit simulator can be seen in Figure 25 and 

corresponding impedance on the smith chart in Figure 26. 

 

 

Table 8. Gate matching steps 

Step number Step 

1. Adding narrow (0.12mm wide) 9.6mm 

long microstrip line to move the 

impedance to higher impedance area 

2. Adding wider (0.32mm wide) 6mm 

long microstrip line to move the 

impedance to lower impedance area 

3. Adding parallel capacitance close to the 

bondwires 

4. Adding inductance to model the 

bondwires 
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Figure 25. Input impedance matching steps. 

 

 

 

 

 

Figure 26. Impedance matching steps on a smith chart from 5.6 GHz to 6 GHz. 
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3.8.3. 3D simulated gate matching circuit 

 

Figure 27 shows the 3D simulated gate matching test board layout and components. 

The layout is constructed according to the 1D circuit simulations. The basic layout 

shape didn’t change during the simulation. Simulations sweeps were done to the 

matching line lengths and to the matching capacitance outer dimensions.  The 3D 

simulations were done in tandem with the large signal simulations (see chapter 4). 

After the simulations showed good results, the PA was fabricated. Additional matching 

structures were fabricated so that the layout simulations could be verified.  

 

 

 

Figure 27. Simulation test layout for gate matching. 

 

 

Starting from the left the first line is 50 Ω line (L1) that is connected to the narrow 73 

Ω line (L2) with 0201 (imperial) size 8.2 pF capacitor (C1). Capacitor is a DC-block, 

which is mandatory for the GaN biasing to work. After the narrow line comes the wider 

44.5 Ω line (L3) that is connected to the biasing circuit and the bonding area. The 

close-up of the 3D simulated bonding area can be seen in Figure 28. Other side of the 

bondwires is 50 Ω line that is de-embedded from the port 2 side (GaN side port) to the 

bonding area so that the port 2 sees similar electrical distance to the bondwires as the 

GaN. The fabricated gate matching circuit with the de-embedded reference plane is 

shown in Figure 29. 
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Figure 28. Close-up of the simulated gate bonding area. 

 

 

 

 

 

Figure 29. Fabricated matching circuit (without SMA connectors). 
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3.8.4. Comparison between simulated and measured matchings 

 

Matching comparison can be seen in Figure 30. 1D  and 3D simulation models shows 

similar impedance with small impedance variation between 5.6 GHz and 6.0 GHz. 

Simulated impedances travel different directions with frequency and this is because 

the 3D simulated model has more complicated impedance. Example of this can be seen 

in Figure 31, where it can be seen that the bonding area’s electric field is not entirely 

symmetrical because of the bias line and resistor. Measured impedance varies more 

with frequency and has travelled clockwise 1.9i to 3.2i Ω. Possible reason for this is 

that the measured matching circuit has some extra inductance due to the small offset 

in the port’s reference plane between the measurement and the simulation. 

 

 

 

 

Figure 30. Simulated and measured gate matching compared in smith chart. 
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Figure 31. 3D simulated gate matching electric field at 6 GHz. 

 

 

3.9. Drain matching 

 

3.9.1. Drain matching goal 

 

Drain matching has similar limitations as the gate matching. GaN is connected to the 

RF and DC lines via bondwires. Output signal of the drain circuit is fed to 50 Ω SMA 

connector. The aim of the drain matching circuit is to provide optimal output 

impedance to the GaN, connect the GaN to the DC power supply and transform the 

final output impedance of the amplifier to the 50 Ω environment. For the design, there 

wasn’t an exact targeted impedance point but rather a target area from 14 + 10i Ω to 

17 + 17i Ω. This area would provide high output power and high efficiency according 

to the load-pull data.  
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3.9.2. Drain matching steps 

 

Drain matching circuit is more complex than the gate matching circuit. One of the 

reasons for this is that the DC-line is part of the matching. For the gate side, the bias 

line was not part of the matching design. Drain side also has to handle more RF power, 

which can limit the design. The drain matching steps are explained in Table 9. The 

schematics drain matching step of the 1D circuit simulator can be seen in Figure 32 

and corresponding impedance on the smith chart in Figure 33. 

 

 

Table 9. Drain matching steps 

Step number Step 

1. Adding first open stub for parallel 

capacitance 

2. Adding capacitor in series to block DC 

3. Adding second open stub for parallel 

capacitance 

4. Adding line to change impedance closer 

to the smith chart axis 

5. Adding third open stub for parallel 

capacitance and for wider bonding area 

6. Adding bondwires for RF line 

7. Connecting the DC line to GaN with 

bondwires 
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Figure 32. Drain matching schematics. 

 

 

Figure 33. Drain matching steps on a smith chart 
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3.9.3. 3D simulated drain matching circuit 

 

The drain side 3D simulated matching circuit was created based on the 1D simulation 

schematics. The open stubs were symmetrically divided in half, one half on each side 

of the RF line. Figure 34 and Figure 35 show the 3D simulated layout. Looking from 

the left side the first line is 50 Ω with bondwires connected to the end. Like in the gate 

matching simulation, the line is de-embedded from the line so that the electrical length 

from the simulation port is similar to what the GaN sees. Second and fourth bondwires 

from the top are connected to the DC-line and first, third and fifth bondwires are 

connected to the RF-line. 3D simulation sweeps were done to examine stub lengths 

and the middle line length. Few different 3D simulated s-parameter blocks were 

imported to the large signal simulation and the best one was selected. The fabricated 

drain matching circuit with the de-embedded reference plane is shown in Figure 36. 

 

 

Figure 34. Simulated drain matching circuit. 
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Figure 35. Drain matching circuit bondwires and open matching stubs. 

 

 

 

 

Figure 36. Fabricated drain matching circuit (without SMA connectors). 
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3.9.4. Comparison between simulated and measured drain matching 

 

Simulated and the measured drain matching impedances are shown in Figure 37. The 

smith chart curves are relatively close to each other. Considering the complexity of the 

drain matching, PCB manufacturing tolerances and the SMA connectors affects the 

impedance, the final measured drain matching result is good. In the drain side the 3D 

simulated matching has some extra inductance.  

 

 

 

Figure 37. Simulated and measured drain matching compared on a smith chart. 
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4. POWER AMPLIFIER SIMULATIONS 
 

4.1. Simulation setup 

 

National Instrument’s AWR was used as 1D circuit simulator. GaN simulation model 

is connected to 3D simulated gate and drain matching blocks. Bias voltage and drain 

current are connected thru the 3D simulated blocks. Extensive linear and nonlinear 

simulations are performed in circuit simulator using the 3D blocks and the GaN 

simulation model. The schematics of the simulation test bench is shown in Figure 38. 

Due to the manufacturing tolerances there are variations in the idle bias currents 

between the fabricated GaNs, even when the same gate bias voltage is used. To 

simplify the simulations the biasing is based on the gate bias voltage. Three different 

gate biasing voltages (VGQ) and four different drain voltages (VDQ) were simulated. 

The simulated conditions are presented in Table 10.  

 

Table 10. Small and large signal simulation conditions 

Simulation condition Values 

VDQ 10 V / 18  V/ 28 V 

VGQ  -2.9 V / -2.8 V / -2.7 V 

Frequency range 5.0 GHz to 6.6 GHz 

Small signal input power 0 dBm 

Large signal input powers  

10 V / 18 V / 28 V 

 

25 dBm / 28 dBm / 30 dBm 
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Figure 38. Large signal simulation schematics. 

 

4.2. Gate biasing 

 

In Figure 39 shows the simulated ID swing for three different VGQ values with 0 dBm 

sinusoidal input at 5.8 GHz. Table 11 presents the amplifier operational classes with 

the used VGQ values. The deformation of the ID swing with the lowest VGQ indicates 

that the PA operates in class AB. When the highest VGQ is used, the PA is operating in 

class A. These amplifier classifications are only true at small signal operation, because 

at higher input power the PA operation is nonlinear. 

 

 

Table 11. Amplifier classes with used gate bias voltages 

VGQ Amplifier class 

-2.9 V  AB 

-2.8 V  Weakly AB 

-2.7 V  A 
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Figure 39. Simulated ID swing with 0 dBm input power at 5.8 GHz. 

 

4.3. Gain and IRL 

 

Simulated gain and IRL presented in Figure 40 and Figure 41. The effect of used VDQ 

is presented in Figure 40. In the Figure 41 the VDQ is set to 28 V and 3 different VGQ 

are used. Gain and IRL are simulated using 0 dBm input power so that the PA is in 

linear range. 

 

4.3.1. Gain and IRL with varying drain voltages 

 

Table 12 presents the lowest IRL (S11min) and highest gain (S21max) points with 4 

different VDQ values. Gain and IRL increase when VDQ increase. Maximum gain 

frequency point moves to lower frequency when VDQ increases. Minimum IRL 

frequency point changes very little with varying VDQ. The frequency difference (Freq. 

Diff.) between the maximum gain and the minimum IRL points increase when VDQ 

increase.  

 

Table 12. Simulated lowest S11 and highest S21 points with varying drain voltages 

VDQ 
S11min S11(fmin) S21max S21(fmax) Freq. Diff. 

10 V -15.87 dB 6.057 GHz 11.10 dB 6.005 GHz 52 MHz 

18 V -11.21 dB 6.040 GHz 14.11 dB 5.969 GHz 71 MHz 

28 V -8.91 dB 6.021 GHz 15.80 dB 5.938 GHz 83 MHz 
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Figure 40. Simulated gain and input return loss with VGQ = -2.8V. 

  

 

4.3.2. Gain and IRL with varying gate bias  

 

The lowest IRL and highest gain points with three different VGQ values are presented 

in Table 13. Gain and IRL rises when the VGQ rises. Maximum gain and minimum IRL 

frequency points move to lower frequency when the VGQ increases. Increasing the VGQ 

increases the frequency difference between the minimum IRL and maximum gain 

points. 

 

Table 13. Simulated lowest S11 and highest S21 points with different bias voltages 

Bias 
S11min S11(fmin) S21max S21(fmax) Freq. Diff. 

Low bias -10.36 dB 6.053 GHz 14.61 dB 5.967 GHz 86 MHz 

Mid bias -8.91 dB 6.021 GHz 15.80 dB 5.933 GHz 88 MHz 

High bias -7.94 dB 5.996 GHz 16.75 dB 5.895 GHz 101 MHz 
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Figure 41. Simulated gain and input return loss with VDQ = 28 V. 

 

4.4. 3-dB compression point 

 

Output power at 3-dB compression point was simulated with four different VDQ values 

and three different VGQ values. Simulated 3-dB compression point results are 

presented in Figure 42. The maximum output power frequency points are presented in 

Table 14. With the simulated VGQ and VDQ values the maximum 3-dB compression 

frequency point varied between 6.09 GHz and 6.11 GHz. With 28 V VDQ, the PA 

achieved more than 40 dBm output over 1 GHz range. Based on the 3-dB compression 

point measurements, it can be said that the simulated PA was tuned to wideband 

operation, which extends well beyond the targeted operational frequency range 5.6 

GHz to 6.0 GHz. 

 

Table 14. Simulated maximum output power 

VDQ  Maximum output power 

at 3-dB compression.  

 VGQ =  

2.7 V / 2.8 V / 2. 9V 

Frequency 

VGQ =  

2.7 V / 2.8 V / 2.9 V 

10 V 33.34 dBm / 33.28 dBm / 

33.22 dBm 

6.10 GHz / 6.11 GHz / 

6.11 GHz 

18 V 38.19 dBm / 38.14 dBm / 

38.08 dBm 

6.11 GHz / 6.11 GHz / 

6.11 GHz 

28 V 41.36 dBm / 41.30 dBm / 

41.26 dBm 

6.04 GHz / 6.10 GHz / 

6.10 GHz 
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Figure 42. Simulated output power at 3-dB compression point.  

 

 

4.5. Drain efficiency 

 

 

Simulated drain efficiency results are presented in Figure 43 and the maximum values 

are listed in Table 15.  The drain efficiency at 3-dB compression point was simulated 

with four different VDQ values and three different VGQ values. The same input power 

levels are used as in the 3-dB compression point simulations. Drain efficiency is 

highest with the lowest used VDQ. The highest VGQ gives the best drain efficiency but 

the effect of the VGQ change is small. The effect of the VGQ to the drain efficiency 

decreases when the VDQ is increased. The highest drain efficiency of the simulated PA 

was successfully tuned close to 6 GHz with all used VDQ and VGQ values. 
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Table 15. Simulated maximum drain efficiency 

VDQ Maximum DE at 3-dB 

compression. 

 VGQ =  

2.7 V / 2.8 V / 2.9 V 

Frequency 

VGQ =  

2.7 V / 2.8 V / 2.9 V 

10 V 64.2 % / 64.0 % /  

63.8 %  

5.99 GHz / 6.02 GHz / 

6,05 GHz 

18 V 62.9 % / 62.7 % /  

62.6 %   

6.01 GHz / 5.99 GHz / 

6.02 GHz 

28 V 59.1 % / 59,0 % / 

58.9 % 

5.93 GHz / 5.96 GHz / 

5.99 GHz 

 

 

 

Figure 43. Simulated drain efficiency at 3-dB compression point.  

 

4.6. Analysis of the simulation results 

 

Table 16 presents the comparison between simulated results and the GaN datasheet 

values. There is a noticeable difference in gain and in drain efficiency between the 

simulations and the datasheet. This can be mostly explained by the losses of the 3D 

simulated matching circuits and the used VGQ. Furthermore the GaN simulation model 

is not perfect representation of the typical fabricated GaN. The simulated maximum 

output power is close to the GaN’s datasheet value. The simulated output power 

increases and drain efficiency decreases when VDQ increases. Using higher VGQ 
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increases the output power and the drain efficiency but the effect is small. Less than 

0.12 dBm for the output power and less than 0.4 pp for the drain efficiency. 

 

 

Table 16. Comparison between simulated results and datasheet values 

Simulation Simulated Datasheet Condition 

Simulated/Datasheet 

Gain 15.8 dB 18 dB Sim. VDQ = 28 V 

Data. VDQ = 28 V 

Sim. VGD = -2.7 V 

Data. IDQ = 125 mA 

Output power  41.5 dBm 41.2 dBm Sim. VDQ = 28 V  

Data. VDQ = 28 V 

Sim. VGQ = -2.7 V 

Data. IDQ = 125 mA 

Drain efficiency  59.1 % 65.4 % 

(calculated from 

PAE) 

Sim. VDQ = 28 V 

Data. VDQ = 28 V 

Sim. VGD = -2.9 V 

Data. IDQ = 50 mA 
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5. MEASUREMENTS 
 

5.1. Measurement setups 

 

5.1.1. Measurement devices 

 

 

Table 17 presents the measurements and the used measurement devices. 

Measurements can be divided in two categories: Network analyzer measurements and 

ACPR measurement. Network analyzer was used to measure gain, IRL and 3 dB 

compression. The ACPR measurement was done using signal generator and spectrum 

analyzer. A power meter was used to measure the average output power for the ACPR 

measurements and the peak power for the 3-dB compression measurements. Table 18 

presents the measurement device models used in measurements.. 

 

Table 17. Measurements and measurement devices 

Measurement Measurement device(s) 

ACPR Signal generator  & spectrum analyzer 

3-dB compression point Power meter & network analyzer 

Drain efficiency  Power meter, network analyzer and 

current and voltage meters 

Gain Network analyzer 

Input return loss Network analyzer 

 

 

Table 18. Measurement device models 

Measurement device Model 

Network analyzer Rohde & Schwarz ZNB 

Spectrum analyzer Rohde & Schwarz FSV 

Signal generator Rohde & Schwarz SMBV100A 

Power meter Rohde & Schwarz Z-81 

Voltage meter Fluke 8840A Multimeter 

Current meter Fluke 45 Dual Display Multimeter 

 

 

 

 

 



 

 

54 

5.1.2. Pre-amplifiers 

 

The pre-amplifier chain consist of three amplifiers in series. First two pre-amplifiers 

are Broadcom Limited’s VMMK-2503 and balanced VMMK-2503 (two in parallel). 

The last pre-amplifier is the same as the DUT but it is biased for high linearity and 

gain (140 mA IDQ). An isolator is used between the last pre-amplifier and the DUT 

because a poor input matching of the DUT can hinder the pre-amplifiers performance. 

 

 

5.1.3. Network analyzer measurement setup 

 

Illustration of the network analyzer (NA) measurements were done using 4-port setup 

shown in Figure 44. This setup is good for measuring PA properties because it can be 

used to measure small signal and large signal PA operation. Setup is calibrated so that 

the gain at the output of the first coupler is set to 0 dB. This calibrated gain is stable 

because the 4-port measurement setup cancels all possible gain variations from the 

pre-amplifier chain. Photograph of the constructed measurement setup is shown in 

Figure 45. 

 

 

 

Figure 44. Illustration of the network analyzer measurement setup. 
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Figure 45. Photograph of the measurement setup with DUT and pre-amplifier chain. 

 

 

5.1.4. Modulated signal measurement setup 

 

Illustration of the ACPR measurement setup is shown in Figure 46. For the ACPR 

measurement the input coupler is removed but the pre-amplifier and the output chains 

are the same as with Network analyzer setup. In this measurement setup it is very 

important that the modulated output signal from the pre-amplifier chain is as linear as 

possible so that the DUT’s performance is dominating the linearity.  

 

 

 

 

Figure 46. Illustration of the ACPR measurement setup. 
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5.1.5. DUT biasing 

 

The IDQ values for the measurement were selected so that the small signal operation of 

the PA can be analyzed between low biased class AB and class A operation.  Figure 

47 shows the three simulated ID swings with the IDQ values used in the 3-dB 

compression measurements. Measured GaN was biased slightly higher than the 

simulated GaN, but the operation class was very similar.  

 

 

 

Figure 47. Simulated small signal ID swing and measured IDQ values with used bias 

voltages. 

 

 

5.2. Small signal S-parameters 

 

5.2.1. Measurements description 

 

Gain and IRL measurement results are presented in this section. Both measurements 

were done using network analyzer’s frequency sweep. PA input power was set to 0 

dBm so that the PA operates at linear power range. The measurement conditions for 

the network analyzer measurements are shown in Table 19.  
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Table 19. Measurement conditions for network analyzer measurements 

VDQ 10 V / 18 V / 28 V 

IDQ 50 mA / 60 mA / 80 mA / 100 mA / 

120 mA / 140 mA 

Frequency range 5.0 GHz to 6.6 GHz  

 

 

 

5.2.2. Gain and IRL with 10 V VDQ  

 

10 V is the lowest used VDQ. The measurements results are shown in Figure 48 and 

IRL results are shown in Figure 49. Gain and IRL are the lowest measured. Gain and 

IRL can be adjusted by varying the bias point. The best IRL is achieved with highest 

IDQ. Table 20 presents the measured S11 minimums and S21 maximums. When the 

IDQ changes from 50 mA to 140 mA the gain increases 3.67 dB and the IRL changes 

8.66 dB. Respective maximum S21 and minimum S11 shift to lower frequency when 

IDQ is increased.     

 

Table 20. S11 minimums and S21 maximums with 10 V VDQ 

IDQ S11min S11(fmin) S21max S21(fmax) Freq. Diff. 

50 mA -13.37 dB 5.836 GHz 9.71 dB 5.764 GHz 72 MHz 

60 mA -14.67 dB 5.827 GHz 10.61 dB 5.764 GHz 63 MHz 

80 mA -16.97 dB 5.766 GHz 11.77 dB 5.758 GHz 8 MHz 

100 mA -19.40 dB 5.755 GHz 12.60 dB 5.609 GHz 146 MHz 

120 mA -20.89 dB 5.741 GHz 13.05 dB 5.597 GHz 144 MHz 

140 mA -22.03 dB 5.726 GHz 13.38 dB 5.597 GHz 129 MHz 
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Figure 48. IRL with VDQ = 10 V. 

 

 

 

 

Figure 49. Gain with VDQ = 10 V. 

5.2.3. Gain and IRL with 18 V VDQ 

 

The gain measurement results are shown in Figure 50 and IRL results are shown in 

Figure 51. Gain is higher with 18 V VDQ but IRL is worse than with 10 V VDQ. The 

best IRL is achieved with highest IDQ. When VDQ is increased the highest gain 

frequency location is shifted to higher frequency. Table 21 presents the measured S11 
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minimums and S21 maximums. Increasing IDQ shifts the S11 minimum and S21 

maximum to lower frequency. When IDQ changes from 50 mA to 140 mA the gain 

increases 4.07 dB and the IRL improves 5.07 dB. 

 

Table 21. S11 minimums and S21 maximums with 18 V VDQ 

IDQ S11min S11(fmin) S21max S21(fmax) Freq. Diff. 

50 mA -9.54 dB 5.851 GHz 10.64 dB 5.764 GHz 87 MHz 

60 mA -10.29 dB 5.858 GHz 11.63 dB 5.766 GHz 92 MHz 

80 mA -11.56 dB 5.841 GHz 12.90 dB 5.761 GHz 80 MHz 

100 mA -12.76 dB 5.836 GHz 13.79 dB 5.758 GHz 78 MHz 

120 mA -13.78 dB 5.832 GHz 14.38 dB 5.758 GHz 74 MHz 

140 mA -14.52 dB 5.827 GHz 14.71 dB 5.768 GHz 59 MHz 

 

 

 

 

 

Figure 50. IRL with VDQ = 18 V. 
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Figure 51. Gain with VDQ = 18 V. 

 

5.2.4. Gain and IRL with 28 V VDQ 

 

The measurement results are shown in Figure 52 and IRL results are shown in Figure 

53. 28 V is the highest used VDQ and this also means that the gain is the highest 

measured. IRL gets worse when the VDQ is increased from 18 V. When the VDQ is 

increased from 18 V to 28 V the highest gain frequency location doesn’t change. Table 

22 presents the measured S11 minimums and S21 maximums. The frequency 

difference between maximum S21 point and minimum S11 point varies from 83 MHz 

to 92 MHz. 

 

 

Table 22. S11 minimums and S21 maximums with 28 V VDQ 

IDQ S11min S11(fmin) S21max S21(fmax) Freq. Diff. 

50 mA -8.26 dB 5.858 GHz 11.21 dB 5.766 GHz 92 MHz 

60 mA -8.78 dB 5.854 GHz 12.05 dB 5.766 GHz 88 MHz 

80 mA -9.95 dB 5.851 GHz 13.50 dB 5.764 GHz 87 MHz 

100 mA -10.79 dB 5.847 GHz 14.28 dB 5.764 GHz 83 MHz 

120 mA -11.60 dB 5.846 GHz 14.84 dB 5.761 GHz 85 MHz 

140 mA -12.16 dB 5.847 GHz 15.15 dB 5.764 GHz 83 MHz 
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Figure 52. IRL with VDQ = 28 V. 

 

 

 

Figure 53. Gain with VDQ = 28 V. 
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5.3. 3-dB compression point 

 

3-dB Compression point measurement were done using network analyzer’s power 

sweep. First sweep has wide power range and it is used to determine the compression 

point and the AM-PM. The second power sweep has very narrow power range (less 

than 0.1 dB) with center power at the compression point. The narrow sweep is two 

seconds long and it is used to calculate the DC-power by measuring the current 

consumption and VDQ during the sweep. Table 23 presents compression point 

measurement conditions. 

 

Table 23. Measurement conditions for network analyzer measurements 

VDQ 10 V / 18 V  / 28 V 

IDQ 50 mA /  80 mA / 120 mA  

Frequency range  5.6 GHz to 6.0 GHz 

 

 

5.3.1. 10 V VDQ compression point measurements 

 

Figure 54 presents the measured output power results at 3-dB compression. With 10 

V VDQ the highest output power 32.68 dBm was achieved with 50 mA IDQ and the 

lowest output power 32.33 dBm with 120 mA IDQ. The output power increases when 

the frequency increases. Between 5.6 GHz and 6.0 GHz, the output power changes up 

to 0.18 dBm with 50 mA IDQ.    

 

 

Figure 54. 3-dB compression point with VDQ = 10 V. 
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Figure 55 presents the measured AM-PM results over frequency range at 3-dB 

compression. The best measured AM-PM 5.5 ̊ was achieved with 50 mA IDQ and the 

worst AM-PM 10.7 ̊ was achieved with 120 mA IDQ. For 50 mA IDQ and 80 mA IDQ, 

the AM-PM increases when the frequency increases. With 120 mA IDQ, the AM-PM 

decreases when the frequency increases. 

 

 

 

Figure 55. 3-dB compression AM-PM with VDQ = 10 V. 

 

 

Figure 56 presents the measured drain efficiency results at 3-dB compression. The best 

drain efficiency 57.5% was achieved with 50 mA IDQ. The drain efficiency decreases 

with higher gate bias therefore the lowest drain efficiency 53.3% was measured with 

120 mA IDQ. The lowest drain efficiencies over the frequency range were measured 

between 5.80 GHz and 5.85 GHz with all three IDQ values. 
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Figure 56. 3-dB compression drain efficiency with VDQ = 10 V. 

 

Table 24 presents the best and the worst measurement results. It can be seen from 

the measurement results that with 10 V VDQ, a lower IDQ results in higher drain 

efficiency, higher output power and lower AM-PM. 

 

Table 24. Best and the worst measured 3-dB compression results point with 10 V 

VDQ 

 IDQ Value Frequency 

Highest output 

power 

50 mA 32.68 dBm 6.00 GHz 

Lowest output 

power 

120 mA 32.33 dBm 5.61 GHz 

Highest drain 

efficiency 

50 mA 57.5 % 5.60 GHz 

Lowest drain 

efficiency 

120 mA 53.3 % 5.84 GHz 

Lowest AM-PM 50 mA 5.5 ̊ 5.60 GHz 

Highest AM-PM 120 mA  10.7 ̊ 5.72 GHz 

 

5.3.2. 18 V VDQ compression point measurements 

 

Figure 57 presents the measured output power results at 3-dB compression. With 18 

V VDQ the highest output power 37.04 dBm was achieved with 50 mA IDQ and the 

lowest output power 36.68 dBm with 120 mA IDQ. The output power decreases when 

the frequency increases. The lowest output power with 50 mA IDQ and 80 mA IDQ was 

measured between 5.84 GHz and 5.86 GHz. The lowest output power with 120 mA 

IDQ was achieved at 6.0 GHz. 
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Figure 57. 3-dB compression point with VDQ = 18 V. 

 

Figure 58 presents the measured AM-PM results over frequency range at 3-dB 

compression. The best measured AM-PM 1.9 ̊ was achieved with 50 mA IDQ and the 

worst AM-PM 4.7 ̊ was achieved with 120 mA IDQ. With 50 mA IDQ and 80 mA IDQ, 

the AM-PM increases when the frequency increases. With 120 mA IDQ, the lowest 

AM-PM was measured at 5.87 GHz. 

 

 

 

Figure 58. 3-dB compression AM-PM with VDQ = 18 V. 

 

 

 

Figure 59 presents the measured drain efficiency results at 3-dB compression. The best 

drain efficiency 59.2% was achieved with 50 mA IDQ and the lowest drain efficiency 
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53.6% was measured with 120 mA IDQ. The lowest drain efficiencies over the 

frequency range were measured at 6.0 GHz with all three IDQ values. 

 

 

 

Figure 59. 3-dB compression drain efficiency with VDQ = 18 V. 

 

Table 25 presents the best and the worst measurement results. Increasing VDQ from 10 

V to 18 V increases maximum output power up to 4.36 dBm and drain efficiency up 

to 2 pp. With 18 V VDQ, the lower IDQ results in higher drain efficiency, higher output 

power and lower AM-PM. However, with 80 mA IDQ, the AM-PM is now very close 

to the results measured with 50 mA IDQ. 

 

 

Table 25. Best and the worst measured 3-dB compression results point with 18 V 

VDQ 

 IDQ Value Frequency 

Highest output 

power 

50 mA 37.04 dBm 5.60 GHz 

Lowest output 

power 

120 mA 36.68 dBm 5.86 GHz 

Highest drain 

efficiency 

50 mA 59.2 % 5.60 GHz 

Lowest drain 

efficiency 

120 mA 53.6 % 6.00 GHz 

Lowest AM-PM 50 mA 1.9 ̊ 5.60 GHz 

Highest AM-PM 120 mA 4.7 ̊ 5.66 GHz 
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5.3.3. 28 V VDQ compression point measurements 

 

Figure 60 presents the measured output power results at 3-dB compression. With 28 

V VDQ the highest output power 39.67 dBm was achieved with 50 mA IDQ and the 

lowest output power 39.10 dBm with 120 mA IDQ. The output power decreases when 

the frequency increases. The lowest output power with IDQ values was measured at 6.0 

GHz.  

 

 

Figure 60. 3-dB compression point with VDQ = 28 V. 

 

 

Figure 61 presents the measured AM-PM results over frequency range at 3-dB 

compression. The best measured AM-PM 1.1 ̊ was achieved with 120 mA IDQ and the 

worst AM-PM 2.9 ̊ was achieved with 50 mA IDQ. With 50 mA IDQ and 120 mA IDQ, 

the AM-PM decreases when the frequency increases. From 5.63 GHz to 5.70 GHz the 

best AM-PM was measured with 80 mA IDQ. For 80 mA IDQ the AM-PM varies only 

from 1.6 ̊ to 1.8 ̊ over the frequency range. 
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Figure 61. 3-dB compression AM-PM with VDQ = 28 V. 

 

Figure 62 presents the measured drain efficiency results at 3-dB compression. The best 

drain efficiency 54.8% was achieved with 50 mA IDQ and the lowest drain efficiency 

48.6% was measured with 120 mA IDQ. The lowest drain efficiencies over the 

frequency range were measured at 6.0 GHz with all three IDQ values. 

 

 

 

 

Figure 62. 3-dB compression drain efficiency with VDQ = 28 V. 

 

 

Table 26 presents the best and the worst measurement results. Increasing VDQ from 18 

V to 28 V increases maximum output power up to 2.63 dBm, decreases AM-PM from 

1.9 ̊ to 1.1 ̊, but lowers drain efficiency up to 5 pp.  
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Table 26. Best and the worst measured 3-dB compression results point with 28 V 

VDQ 

 IDQ Value Frequency 

Highest output 

power 

50 mA  39.67 dBm 5.61 GHz 

Lowest output 

power 

120 mA 39.10 dBm 6.00 GHz 

Highest drain 

efficiency 

50 mA 54.8 % 5.60 GHz 

Lowest drain 

efficiency 

120 mA 48.6 % 6.00 GHz 

Lowest AM-PM 120 mA 1.1 ̊ 5.67 GHz 

Highest AM-PM 50 mA 2.9 ̊ 5.61 GHz 

 

 

5.4. ACPR 

 

The ACPR measurement was done using 5 MHz wide LTE signal. Three different VDQ 

and IDQ values were used. Table 27 presents the LTE measurement conditions. 

Measuring standard was E-UTRA, which means that the ACPR measuring bandwidth 

is 4.515 MHz. The ACPR was measured from 10 dBm up to 37.5 dBm output power 

levels. The highest used output power was determined by the used VDQ.  

 

Table 27. Modulated signal measurement conditions 

VDQ 10 V / 18 V / 28 V 

IDQ  50 mA /  80 mA / 120 mA 

Frequency 5.8 GHz  

Maximum output power 

 (10 V / 18 V / 28 V) 

31.0 dBm / 35.5 dBm / 37.5 dBm 

Signal PAR 7.5 dB 

 

 

5.4.1. ACPR 10 V VDQ 

 

Figure 63 shows the ACPR results for 10 V VDQ. The lowest measured ACPR -51.8 

dBc, was achieved with the 120 mA IDQ and the highest measured ACPR results -44.1 

dBc was achieved with 50 mA IDQ. The higher gate biasing results in higher linearity 
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at the lowest power level. However, when the output power approaches the highest 

output power, the difference in linearity between high and low biasing becomes 

nonexistent. This is because the linearity is dominated by the compression at the 

highest power levels. An unbalance between lower and upper side ACPR results is 

noticeable from 10 dBm up to 30 dBm with 80 mA and 120 mA IDQ. The unbalance is 

up to 4 dB from 16 dBm to 22 dBm output with 120 mA IDQ. The unbalance with 50 

mA IDQ is limited between 20 dBm and 26 dBm output and is up to 2 dB. 

 

 

 

 

Figure 63. ACPR, VDQ = 10 V. 

 

5.4.2. ACPR 18 V VDQ 

  

Figure 64 shows the ACPR results for 18 V VDQ. The lowest measured ACPR -55.8 

dBc, was achieved with the 120 mA IDQ and the highest measured ACPR results -45.2 

dBc was achieved with 50 mA IDQ. When the VDQ was increased from 10 V to 18 V 

linearity increased at all measured output power levels. The change in linearity starting 

from 33 dBm between different gate biasing and between lower and upper side is 

insignificant.  An unbalance between lower and upper side ACPR results is noticeable 

from 11 dBm up to 29 dBm with 120 mA IDQ. The unbalance is up to 4 dB from 16 

dBm to 24 dBm output with 120 mA IDQ. The unbalance with 80 mA IDQ is limited 

between 11 dBm and 20 dBm output and is up to 3 dB.  With 50 mA IDQ the unbalance 

exist from 20 dBm to 32 dBm and is up to 3 dB. 
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Figure 64. ACPR, VDQ = 18 V. 

 

5.4.3. ACPR 28 V VDQ 

 

Figure 65  shows the ACPR results for 28 V VDQ. The lowest measured ACPR -56.2 

dBc, was achieved with the 120 mA IDQ and the highest measured ACPR results -45.8 

dBc was achieved with 50 mA IDQ. When the VDQ was increased from 18 V to 28 V 

linearity increased at all measured output power levels. The change in linearity starting 

from 33 dBm between lower and upper side is insignificant with 80 mA and 120 mA 

IDQ.  An unbalance between lower and upper side ACPR results is noticeable from 11 

dBm up to 33 dBm with 120 mA IDQ. The unbalance is up to 4 dB from 20 dBm to 28 

dBm output with 120 mA IDQ. The unbalance with 80 mA IDQ is limited between 11 

dBm and 20 dBm output and is up to 3 dB.  With 50 mA IDQ the unbalance exist from 

27 dBm to 35 dBm and is up to 3 dB. 
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Figure 65. ACPR, VDQ = 28 V. 

 

5.5. Analysis of the measurement results 

 

In Table 28 the best and the worst measured results are combined. The PA’s good and 

bad operation conditions can be found from measurement results. The optimal 

operation for the designed PA would have been that the highest drain efficiency is 

achieved with the highest output power, but this was not the case for the fabricated 

PA. It is typical that the highest output power and efficiency are achieved with 

different biasing and drain voltage conditions. The measured highest gain and output 

power were achieved with highest VDQ and highest IDQ. Highest measured drain 

efficiency was achieved with 18 V VDQ and lowest drain biasing current. The highest 

linearity with modulated signal was achieved with highest VDQ and IDQ.  

The PA design was part of a research project in which one goal was to compare 

manufacturer’s GaN measurement results to fully fabricated PA board, but the main 

goal was that the designed PA was part of a bigger PA concept where the maximum 

efficiency was considered more important than the maximum output power. When 

considering the  measurement results in terms of gain, output power, drain efficiency 

and linearity balance, the optimal conditions are 18 V VDQ and 80mA IDQ.  
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Table 28. PA’s measured properties  

 Value Condition 

Highest output power 39.7 dBm VDQ = 28 V 

IDQ = 50 mA 

Frequency = 5.6 GHz 

Lowest output power 32.3 dBm VDQ = 10 V 

IDQ = 140 mA 

Frequency = 5,61 GHz 

Highest drain efficiency 59.2% VDQ = 18 V 

IDQ = 50 mA 

Frequency = 5.6 GHz 

Lowest drain efficiency 48.6% VDQ = 28 V 

IDQ = 120 mA 

Frequency = 6,0 GHz 

Best linear to 3 dB 

compression point phase 

change 

1.0 ° VDQ = 28 V 

IDQ = 100 mA 

Frequency = 6,0 GHz 

Worst linear to 3-dB 

compression point phase 

change 

10.7 ° VDQ = 10 V 

IDQ  = 120 mA 

Frequency = 5.65 GHz 

Highest Gain 15.2 dB VDQ = 28 V 

IDQ = 140 mA 

Frequency =5.76 GHz 

Lowest Gain 8.9 dB VDQ = 10 V 

IDQ = 50 mA 

Frequency = 6,0 GHz 

Highest linearity with 

modulated signal at 10 

dBm output power 

 -55.8 dBc / -56.7 dBc VDQ = 28 V 

IDQ = 120 mA 

Frequency = 5,8 GHz 

Lowest linearity with 

modulated signal at 10 

dBm output power 

-44.5 dBc / -44.1 dBc VDQ = 10 V 

IDQ = 50 mA 

Frequency = 5.8 GHz 

 

5.6. Final results comparison 

 

The measured gain and output power were better than in the specifications but the 

drain efficiency was 5.2 pp lower at 28 V drain voltage. Fortunately using the lower 

18 V drain voltage will meet the gain and output power specifications while the drain 

efficiency was only 0.8 pp lower. Table 29 presents the comparison between the PA 

specifications and the measured values with 18 V drain voltage. 
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Table 29. Comparison between the specification and the measurement results 

 Specification Measured 

Gain > 12 dB 14.2 dB 

Output power at 3 dB 

compression point 

> 36 dBm 37.0 dBm 

Drain efficiency > 60% 59.2% 

 

 

   Table 30 presents the final comparison table where the datasheet values, simulated 

and the measured results are compared. The highest output power was achieved with 

the lowest gate voltage according to the datasheet and measurements, but the simulated 

highest output power was achieved with highest gate bias voltage. Measured 3-dB 

compression point was lower than the simulated and the datasheet value, which was 

partly caused by the losses in the PA. The losses in the fabricated PA were mainly due 

to the PCB losses and dissipated power of the GaN while measuring the compression 

point. 

   According to the datasheet, the drain efficiency is 5 pp higher than the simulated 

drain efficiency with 28 V drain voltage. The measured drain efficiency at 28 V drain 

voltage was 4.6 pp lower than the simulated drain efficiency and was achieved with 

the lowest gate bias voltage. Simulated and the measured results show that the highest 

drain efficiencies were possible with lower than 28 V drain voltages in this PA design. 

The measured gain was only 0.6 dB lower than the simulated gain, while the gain given 

by the datasheet is 2.2 dB higher than the simulated gain.  
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Table 30. Comparison between Datasheet, simulations and measurements results 

 Datasheet Simulated Measured Condition 

Datasheet/Simulated/Measured 

3-dB 

compression 

point  

41.2 dBm 41.5 dBm 39.7 dBm Data. VDQ = 28 V 

Data. IDQ = 50 mA 

Data.  F = 5.6 GHz 

Sim. VDQ = 28 V 

Sim. VGQ = -2.7 V 

Sim. F = 5.6 GHz 

Meas. VDQ  = 28 V 

Meas. IDQ  = 50 mA 

Meas. F  = 5.6 GHz 

Drain 

efficiency  

65.4 % 59.2 % 54.8 % Data. VDQ = 28 V 

Data. IDQ = 125 mA 

Data .F  = 6.0 GHz 

Sim. VDQ = 28 V 

Sim. VGQ  = -2.7 V 

Sim. F  = 5.92 GHz 

Meas. VDQ  = 28 V 

Meas. IGQ  = 50 mA 

Meas. F = 5.6 GHz 

Gain  18 dB 15.8 dB 15.2 dB Data. VDQ  = 28 V 

Data. IDQ  = 125 mA 

Data. F  = 5.6 GHz 

Sim. VDQ  = 28 V 

Sim. VGQ = -2,7 V 

Sim. F  = 5.6 GHz 

Meas. VDQ  = 28 V 

Meas. IDQ  = 140 mA 

Meas. F  = 5.6 GHz 
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6. CONCLUSION 
 

 

 

In this thesis, the theory and practice of a bonded GaN PA design and verification by 

the measurements were presented. The PA’s selected operational frequency was from 

5.6 GHz to 6.0 GHz. The specified output power 36 dBm and drain efficiency 60%, 

were to be achieved at 6.0 GHz. The specified minimum gain was 12 dB. Since, the 

specifications of a single PA were selected according to the needs of a bigger PA 

concept, high drain efficiency was selected to be the most important property of the 

PA.  

The bonding and the mounting of the GaN device was challenging and it was the 

key issue for the successful PA fabrication. The detailed 3D simulations for the 

matching elements showed that the bondwires have a big influence on the input and 

output matching. The bondwires were protected using PTFE cover on the top of the 

PCB. The cover was placed partly on top of the input matching circuit. The effect of 

the cover to the input matching was taken into account in the layout design. The 3D 

simulated matching elements for the input and output matchings were used with the 

GaN model in the schematics simulations. Extensive small and large signal 

simulations were done using the GaN model for the layout optimization process. 

According to the simulations, the designed PA was capable of achieving 59.2% drain 

efficiency, 41.5 dBm output power and 15.8 dB gain with 28 V drain voltage. 

 The operation of the fabricated PA was verified by comprehensive small signal and 

large signal measurements. In addition to the Gain, IRL and 3-dB compression point 

measurements, the PA was studied using modulated 5 MHz wide LTE signal. When 

using similar drain and gate bias voltages, the measurements showed 54.2% drain 

efficiency, 39.7 dBm output power and 15.2 dB gain.  However, because the drain 

efficiency was the most important factor, the optimal PA operation was achieved when 

the drain voltage was lowered from 28 V to 18 V. In this condition the PA achieved 

59.2 % drain efficiency, 37.0 dBm output power and 14.2 dB gain. The measurement 

using the LTE signal showed that the linearity of the PA increased when the drain or 

the gate bias voltages are increased. The highest drain efficiency 59.2%, using the LTE 

signal, was also achieved using 18 V drain voltage.  

The fabricated PA met the specified output power and gain requirements. The drain 

efficiency specification was hard to reach but the measured 59.2% was very close. 

When considering the simulated PA operation and the measurement results, the PA 

design process and fabrication was successful. It was shown in this thesis that the 

operation of a GaN PA can be simulated with good accuracy by using 3D simulator 

and large signal device model.  

The PA design showed that the GaN devices can be used at high frequency and they 

can achieve high efficiency and wide usable frequency range, which are desired 

qualities of a 5G PA.  
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