
ABSTRACT 

LIU, YUEYING. Analytical Physics Based AlGaN/GaN HFET Large Signal Model 
and Nonlinearity Analysis with Nonlinear Source Resistance. (Under the direction of 
Dr. Robert J. Trew and Dr. Griff L. Bilbro).  

In this work the impact of nonlinear source resistance and RF channel 

breakdown on AlGaN/GaN HFETs RF and linearity performance were studied. 

AlGaN/GaN HFETs are well known strong candidates for high power devices due to 

superior material properties of the nitrides, such as high electric field to achieve 

electron saturation velocity and high mobility. Practical amplifiers, however, do not 

demonstrate the good RF linearity performance predicted from fundamental 

semiconductor materials properties. In particular, it has been demonstrated that a 

nonlinear source resistance is generated in these devices due to the onset of 

space-charge limited (SCL) transport in the gate-source region. It has been 

demonstrated that the nonlinear source resistance modulation degrades the linearity of 

the device, even under modest RF drive conditions.  

RF Breakdown has been found to be a major factor that limits a FET’s 

performance under large signal operating conditions. For AlGaN/GaN HFETs, 

breakdown could happen both in the channel and on the surface. The lower critical 



value for channel breakdown determines that it dominates in the breakdown process 

and contributes most in the device’s operation.  

In this work a physics based large signal FET model was modified to include 

the nonlinear source resistance effect and RF channel breakdown. The model was 

further modified to include multi-tone and wide-band signal simulation capability to 

study the device’s linearity performance.  

The goal of this work is to understand the physical mechanisms that determine 

the device’s RF and linearity performance and provide the optimization options of 

improving these effects effectively and efficiently. The physical mechanisms were 

able to be quantified and determined based on the study using the analytical physics 

based model. It allows the development and optimization of a power amplifier before 

the device is fabricated. The physical device model used in this work permits 

determination of the nonlinear distortion under large signal operation as a function of 

bias, device physical parameters such as structural dimensions, doping, etc, and circuit 

tuning conditions. 
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CHAPTER 1 

1.1 Introduction 

The power amplifier (PA) is the most important component in PCS (Personal 

Communications Service) and cellular base station designs. Within the design of third 

generation (3G) wide-band Code Division Multiple Access (WCDMA) cellular 

technology, the microwave power amplifier contributes most of the cost and power 

consumption in the overall BTS (Base Transceiver Station). Since the power amplifier 

operates at a much higher power level than other cellular components, the efficiency 

of the power amplifier greatly determines the handset operating time. The design of a 

power amplifier usually focuses on the achievement of finding an optimum point to 

compromise and balance between efficiency and linearity.  A high efficiency is 

preferred for a long battery operating time and to avoid the overheating problem. A 

good linear device guarantees the quality of signal during transmission. Unfortunately 

the two metrics are conflict with each other. The satisfaction of one metric usually 

means that the other one has to be sacrificed. In order to meet with both requirements, 

some linearization technique has to be used for a PA with good linearity and 

reasonable efficiency. 
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The design requirement of PA changes dramatically along with the evolution 

of cellular base station designs. Fig. 1.1 is the diagram for single carrier multi 

amplifier and multicarrier single amplifier BTS architecture [1].  

The first generation analog system used single carrier BTS architecture, where 

each RF carrier was amplified and combined before propagation to the antenna. In 

another words, the amount of carrier determines how many amplifiers need to be used. 

The greater than 50% efficiency available from a class C amplifier suffices for both 

linearity and power consumption requirements. 

 
Fig. 1.1 Comparison between Single Carrier Multi Amplifier and MultiCarrier Single 

Amplifier Base station Architectures [1] 
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With data traffic increasing exponentially and enormous growth of subscribers, 

digital modulation schemes were introduced and are now dominate. The advantage of 

digital modulation is the increase in spectral efficiency, which transmits the maximum 

amount of data with minimum amount of spectrum. The disadvantage is the 

non-constant RF amplitude envelopes. To guarantee a good transmission with high 

quality digital modulated signal, the system must offer a distortion-free or low 

distortion transmission, which means a class C amplifier can not be employed in this 

case. A Class-AB amplifier with lower efficiency but offering higher linearity is 

preferred. To achieve a better efficiency, the information-bearing RF carrier is 

combined at low power level with only one amplifier being used. This brings out a 

multi carrier pre-amplification combining architecture for 3rd generation systems. The 

new BTS architecture put a much more stringent requirement of power, linearity and 

efficiency on the PA. The combination of multiple RF carriers with variable envelope 

increases the peak average ratio or crest factor of the composite waveform. The PA is 

often operated with several dBm back off from the peak Power-added Efficiency 

(PAE) condition in order to accommodate the signal peaks. However, operating the 

amplifier in under back-off conditions leads to very inefficient operation, typically less 

than 10%. Therefore other circuit linearization techniques such as feed forward, digital 

predistortion, and waveshaping need to be used to ensure the linear performance of the 
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system. The PA is required to handle a much higher power level and needs to render a 

much better efficiency in order to achieve the operation time goal. 

The primary goal of developing new RF power amplifier technology or 

Multicarrier PA (MCPA) is to achieve high linearity to satisfy the 3GPP requirements 

and optimum efficiency to reduce the power consumption of base station. 

AlGaN/GaN HFET microwave power amplifiers are of interest for use in base 

station transmitters for cellular systems at S- and C-band and for radar transmitters at 

X through Ka band. These amplifiers can produce RF output power an order of 

magnitude greater than Si and GaAs-based devices, while maintaining high power 

added efficiency. A field-plate HFET when biased at a Vds=120V has produced over 

30 W/mm RF power density at S-band [2], and 10.55 W/mm at 40 GHz with a drain 

bias of Vds=30V [3]. Recently, it has also been shown that these devices can achieve 

very low microwave noise figures (NF = 0.4 dB at 2 GHz) [4]. Based upon theoretical 

material parameters arguments, the nitride-based devices also have inherent 

advantages for linear operation. These results imply that AlGaN HFET’s are strong 

candidate for transmitter and receiver high dynamic range modules for various 

communication systems. 

AlGaN/GaN HFETs are well known strong candidates for high power devices 

due to its high breakdown field (3MV/cm), high thermal conductivity (1.3 
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W·cm-1C), high peak velocity (>3×107 cm-1s), high saturation velocity (>1.5×107 

cm-1s), and high sheet charge density (1×1013 cm-2). AlGaN/GaN HFETs are also 

predicted to have good linearity due to favorable material properties, such as high 

electric field to achieve electron saturation velocity and high mobility. Practical 

amplifiers, however, do not demonstrate the good linearity performance predicted 

from fundamental semiconductor materials properties. Circuit linearization techniques, 

such as digital predistortion, feedforward linearization, envelope elimination and 

restoration, are generally employed to achieve linear performance. These techniques 

require additional circuitry design and complex digital signal processing work, and 

also increase the overall complexity and cost.  

In particular, it has been demonstrated that a nonlinear source resistance is 

generated in these devices due to the onset of space-charge limited (SCL) transport in 

the gate-source region [5-7]. The nonlinear source resistance is generated when the 

magnitude of the channel current exceeds the threshold for space-charge limited 

current. Once this occurs, the resistivity of the conducting channel increases rapidly, 

and the source resistance can increase in magnitude by up to an order of magnitude, 

with resulting degradation in linearity and RF performance. 

The nonlinear source resistance degrades the RF gain and PAE of the HFET, 

and also limits the linearity and dynamic range of the amplifier. In this work, these 

5



effects are investigated. The work makes use of an advanced large-signal RF 

device/circuit simulator [8] that includes a physics-based device model.  

Most device models used for nonlinearity simulation are either based on 

equivalent circuit methods [9], or make use of Volterra-series analysis techniques [10].  

These models require extensive device characterization and calibration with 

experimental data before they can be used and are not suitable for investigation of 

device parameter optimization for specific application. The physical device model 

used in this work permits determination of the nonlinear distortion under large signal 

operation as a function of bias, device physical parameters such as structural 

dimensions, doping, etc, and circuit tuning conditions. In this work the model has been 

modified for multi-frequency operation and the determination of linearity 

characteristics of the device. The physics based model provides a more accurate 

description of device nonlinearities such as channel breakdown, gate leakage current 

and nonlinear source resistance. It allows the development and optimization of 

amplifier RF performance before the device is fabricated. In addition, physical 

phenomena that affect the device linearity performance can be determined and 

quantified.  
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1.2 Thesis Outline 

The goal of this work is to develop a physics based large signal model that 

represents the DC&RF behavior of AlGaN/GaN HFETs, and then use the developed 

model to study the impact of physical mechanism on device’s RF and linearity 

performance. 

Chapter 2 discusses the physics origin behind nonlinear source resistance and 

RF channel breakdown. It was also demonstrated that the limitation of RF 

performance due to these effects. Some unusal behaviors of AlGaN/GaN HFETs due 

to the existence of these effects are compared in respect to normal FETs. 

Chapter 3 explains the implementation of nonlinear source resistance and RF 

breakdown in the large signal physics based model. The process of incorporation of 

both mechanisms in physics based model is shown in this chapter. The impact of these 

effects on device RF performance is illustrated both through measured data and 

simulation results. 

Chapter 4 analyzes the nonlinearity of AlGaN/GaN HFETs under the impact of 

nonlinear source resistance and other physical mechanism. Power amplifier’s IMD 

behavior with source resistance modulation is studied by changing the threshold 

current and linear resistance value. A polynomial model was developed to study the 
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AM-AM and AM-PM conversion with source resistance modulation. The device 

nonlinearity is studied with one-tone, two-tone, multi-tone and wide band signal 

condition. 
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CHAPTER 2 

2.1 Physical Mechanisms that Limit AlGaN/GaN RF Performance 

Nonlinear Source Resistance Channel Breakdown 

Surface Breakdown and Reliability 

AlGaN 

  
GaN 

 
SiC/Sapphire 

 

Fig. 2.1 AlGaN/GaN HFET cross section and physical mechanisms in corresponding regions.  

The AlGaN/GaN HEMT power amplifier has been a very prospective 

competitor in front-end module base station application, due to its superior material 

property and high sheet charge density (1×1013 /cm2) coming from the large 

polarization field. The good RF performance of these devices are expected in GaN due 

to optimum material properties, such as high critical electric field for breakdown 
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(3×106 V/cm), high peak velocity (3×107 cm/s) and high saturation velocity (1.5×107 

cm/s), high mobility (1500 cm2/sec•V), and good thermal conductivity (1.3 W 

cm-1C-1).   

AlGaN/GaN HFET amplifiers usually operate under extreme conditions such 

as high voltage, high current, and high temperature. Second order physical effects are 

significant in such cases and play a very important role in determining device’s 

behavior under these conditions. Breakdown, nonlinear source resistance, and gate 

leakage current are three main mechanisms that are significant for these devices. They 

are the major contributors in limiting devices performance.  

Fig. 2.1 plots the AlGaN/GaN device structure with the corresponding physical 

mechanisms. Surface breakdown can occur at the surface of the AlGaN layer on the 

drain side due to high magnitude electric field at the gate edge. When the electric field 

at gate edge is large enough, the electrons on the gate metal at the gate side gain 

sufficient energy to permit tunnel injection into electronic states in the semiconductor 

at the surface. The electrons could either be trapped by surface states and stay on the 

surface becoming surface charge or be transmitted by a trap-to-trap hopping 

mechanism along the surface under the influence of the drain-to-gate electric field. 

This mechanism produces a gate leakage current and is a factor in device reliability.  
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RF channel breakdown occurs in the 2DEG channel at the drain region. 

Electron ionization in the conducting channel causes electron and hole pairs to be 

generated when the electric field in the conducting channel reaches the critical value. 

RF channel breakdown has been found to be a major factor that limits the device RF 

performance. 

Nonlinear source resistance in the source access region also affects the RF 

performance of the device, particularly linearity. This phenomenon occurs when the 

drain current reaches the threshold current value to achieve Space Charge Limited 

(SCL) current effects. When SCL current occurs, the source resistance increases 

rapidly with additional increases in current magnitude. Nonlinear source resistance has 

been found especially important in AlGaN/GaN devices due to the lack of background 

doping in conducting channel, which would provide an electric field that would resist 

the onset of SCL current. The nitride devices are prone to SCL effects since they are 

generally operated under high RF power conditions where the device experiences high 

magnitude RF operating current and voltage. Source resistance modulation limits the 

device’s performance by introducing nonlinearity and suppression of saturation 

current. The nonlinear source resistance effect, RF channel breakdown, and surface 

breakdown and hopping are the three major contributors that limit device RF 

performance. 
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2.2 Nonlinear Source Resistance 

The AlGaN/GaN heterostructures is of interest for HFET devices due to the 

extremely high velocity and high mobility of electrons confined in the 

two-dimensional electron gas (2DEG) conducting channel of the HFET. Compared 

with GaAs, the GaN material has a wider bandgap and a larger effective mass, which 

ironically implies a lower mobility.  However due to higher intervalley energy 

separation and the large energy of optical phonons, bulk GaN has a higher mobility 

under high electric fields than GaAs. The steady state and pulse IV measured electron 

transport are shown in Fig.2.2. 

         

Fig. 2.2 Monte Carlo study of electron transport in the GaN/Al0.37Ga0.63N             

structure [1].  
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Recently many researchers have noticed an early “quasi-saturation” [2] 

phenomenon at very low electric fields (10-25 kV/cm) in the HFET source access 

region. This effect introduces a source resistance modulation effect at high current 

driving condition and degrades the transconductance when the device enters into open 

channel operation. There are several possible explanations to this effect, 

 

Fig. 2.3 Electron velocity vs electric field profile in AlGaN/GaN structures for different 

transport models used during the ATLAS simulations. [2] 
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1. Self heating. 

2. Rough interface scattering 

3. Non-equilibrium phonon emission and absorption. 

4. Space-Charge-Limited effect 

The first three mechanisms are not the main factors according to previous 

research results. First, there is no obvious improvement in electron transport at low 

field when, for example, low thermal conductivity sapphire substrates are replaced 

with high thermal conductivity SiC. This indicates that self-heating is not the reason 

causing velocity pre-saturation. Second, interface scattering affects charge transport 

and the degradation of transconductance still exists under increased drain-source 

voltage where interface scattering is limited, while keeping the 2DEG concentration 

constant. As electrons move faster under higher electric field, the probability of being 

scattered by surface roughness is decreased. This factor is proved to be insignificant in 

the pre-saturation effect. It was assumed that non-equilibrium phonon was the main 

reason causing this pre-saturation. Many simulations using ensemble Monte Carlo 

methods [2, 4] have been reported to verify this model. It was observed that the little 

“hump” in electron transport plot [3], originating from longititude optical phonon 

scattering at low field, is related to transconductance drops at high current. According 

to the results, hot optical phonon did cause a suppression of transconductance at high 
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current drive [3]. However, compared to the pulsed IV measured velocity-field curve, 

the simulation mobility and velocity are still overestimated [2].  

Space-charge-limited current has been reported to be a significant factor in the 

onset of the nonlinear source resistance [5]. The SCL effect appears in the device’s 

operation when the conducting current is increased to a critical threshold current 

value. A detail analysis of current transport in a bulk GaN semiconductor using Atlas, 

a 2-D device simulator, has verified the existence of the SCL effect and nonlinear 

resistance under high current injection operation [6]. A numerical model that includes 

nonlinear source resistance accurately repeats experimental dc IV data on practical 

devices as the bias varies from pinch off to open channel [6] conditions. 

The nonlinear source resistance effect plays a very important role in 

AlGaN/GaN HFET device operation. The direct result of this effect is the degradation 

of gm at high current drive conditions as shown in Fig. 2.4. 

The degradation of gm due to nonlinear source resistance is amplified by gm 

due to a negative feedback from output to input by source resistance. The extrinsic 

transconductance is degraded from the intrinsic value by a factor of 1+Rs*gm.  The 

resulting transconductance is written as: 

Nlrssgm
gmgm

⋅+
=

01
0                         (2.1) 
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From load line point of view, nonlinear source resistance degrades PA’s RF 

performance by limiting the maximum current value and introducing nonlinearity at 

the output through negative feedback. The load lines in Fig. 2.5 show the result when 

the device operates at saturation condition. The SCL effect increases the nonlinear 

source resistance and forces the RF dynamic load line, when plotted on the I-V plane 

to rotate counterclockwise. The maximum current the device is permitted to achieve is 

suppressed by this behavior. The rule of thumb is that the maximum power the 

amplifier delivers is determined by the maximum current through the devices and the 

maximum RF voltage, which is limited to the device breakdown voltage. Reduction of 

the saturation current by the nonlinear source resistance reduces the output power. 

Also the nonlinear source resistance increases becomes significant when the devices is 

operating in the high current region. The device linearity is degraded rapidly by the 

source resistance under high power operation, which is very important and needs to be 

considered during PA design. 
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Fig. 2.4 Variation of gm and Id with gate bias for Lg = 0.25µm. Lsg = 0.65µm. [3] 

 

Fig.2.5 Load line analysis for AlGaN/GaN HFET device with and without nonlinear source 

resistance.  
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2.2.1 Nonlinear Source Resistance Analytical Model 

Space charge limited current effect directly comes from fundamental physics. 

It starts from Poisson’s equation: 

               nNd
x
E

−=
∂
∂ε    n

x
E δε −=
∂
∂                    (2.2) 

As current increases, a large number of electrons are injected into the conducting 

channel from the source contact. The injected electrons suppress the electric field at 

source access region and increase the resistivity of the material in the gate-source 

region. A threshold value exists for this effect. The SCL is turned on when current 

reaches the threshold value and the source resistance becomes nonlinear. The critical 

current to turn on this effect is approximately on the order of Jsat = q*nss*vsat, where 

q is elementary charge, nss is carrier concentration in the 2DEG, and vsat is electron 

saturation velocity for GaN . Substitute nss=1.0×1013 /cm2, vsat = 1.5×107 cm/s into 

equation. Jsat = 24 A/cm. 

It has been reported that the channel breakdown is the main mechanism that 

limits the RF performance [5]. When avalanche breakdown occurs in the conducting 

channel under the gate electrode on the drain side, both holes and electrons are 

generated. Generated electrons are quickly swept through the 2DEG by the channel 

electric field and collected by the drain, where they enhance the drain current. The 
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generated hole on the other hand will drift back to the source access region. The holes 

move very slowly due to their low mobility, and most of them recombine with the 

high density of electrons in the conducting channel in the source access region. The 

decrease in electron density from this recombination process will further decrease the 

threshold for the onset of SCL conditions. Usually the SCL current effect occurs at a 

much smaller current value than the value predicted from q*nss*vsat, especially when 

device is operated at high power level. 

A first order model for nonlinear source resistance can be developed by 

assuming a small constant electric field at the source access region and 1=β  in the 

Caughey and Thomas expression [7] for electric field dependent mobility expression.  

Starting with the current equation  

                           (2.3) qnvJ =

Substitute 

Esat
E

Ev
+

=
1

μ    into above the equation and rearrange, 

E
Esat

EJJ ⋅=+ σ                        (2.4) 

where μσ qn= , is conductivity 

Multiply cross section area on both sides 
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AE
Vsat
VrssIdId ⋅⋅=+ σ                       (2.5) 

Assume the change of electric field at the source access region is relatively 

small, therefore , where Vrss is the voltage drop across the source 

resistance,  

VrssLE =⋅

VsatLEsat =⋅

As 
A
Lrss ⋅=

σ
1 , and 

rss
LA =⋅σ , eqn. (2.5) is modified as: 

rss
Vrss

Vsat
VrssIdId =+                           (2.6) 

Solve for Vrss: 

Isc
Id

rssIdVrss
−

⋅
=

1
                         (2.7) 

 where AVsatnqIsat ⋅⋅⋅=  

We could write the equation for nonlinear source resistance 

Isc
Id

rss
Id

VrssNlrss
−

==
1

                        (2.8)   

As this equation shows, the source resistance is determined by the linear term 

rss, the SCL threshold Isc, and the drain current Id. When the drain current is small 

compared to Isc, the denominator is close to unity, and source resistance is a linear 

component with value determined by rss. When current increases to a value 

comparable to Isc, the denominator is less than 1, and the source resistance is 
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becoming nonlinear with its value larger than the linear term rss. Simulation shows at 

modest drive condition, the nonlinear source resistance value could double or even 

triple the original value at small signal. 

2.2.2 Nonlinear Drain Resistance  

The SCL effect also occurs at the drain access region, which leads to a 

nonlinear drain resistance. After the same analysis, the analytical equation of nonlinear 

drain resistance yields: 

drainIsat
Id

rddNlrdd

,
1−

=                          (2.9) 

However, since drain resistance is at the output in series with the load. Its 

impact is easily absorbed by the larger load resistance, and the nonlinear drain 

resistance has only minor effect upon the RF operation of the device. On a DC IV plot, 

the nonlinear drain resistance affects the slope of the IV characteristic in the linear 

region, as well as the transition between the linear and saturation regions, but does not 

introduce much impact upon device operation.  
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2.3 RF Channel Breakdown  

It has been recognized that avalanche breakdown is a leading physical 

mechanism that limit PA’s RF performance, since it determines the maximum drain 

voltage devices could be developed during the RF cycle [8]. A physics based large 

signal model [9] has been used to study the FETs behavior under large-signal RF 

conditions. In this model the avalanche breakdown is assumed to occur on the 

semiconductor surface, consistent with experimental observations. RF breakdown was 

found to be the main factor limiting RF performance of the device. An analytic model 

for RF breakdown was reported and was modified for the work reported in this thesis.  

Two different breakdown mechanisms have been observed in FET devices. 

One signature to identify them is the breakdown voltage variation with temperature. 

However contradictory temperature coefficient has been found for breakdown voltage 

in AlGaN/GaN HFETs. Breakdown occurring on the surface originates from electron 

tunneling from the gate electrode, which is characterized with a negative temperature 

coefficient. Breakdown initiated in the channel is due to the avalanche ionization, 

which exhibits a positive temperature coefficient. 
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Fig. 2.6 Negative gate leakage current, Ig, vs the gate-drain voltage as a function of the 

temperature. The curves were measured at 20, 70, 100, 130, 160, and 200°C. [11] 

The electric field at the gate edge on the drain side could be high enough to 

cause electron tunneling from gate electrode onto the surface on the drain side. The 

electron tunneling from the gate could either be trapped and stay on the surface, 

becoming surface charge, or drift toward drain electrode through a hopping 

mechanism [10]. Electron hopping along the surface causes surface leakage from gate 
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to drain. Surface charges deplete the 2DEG in the channel, and leads to current 

collapse in devices IV response. Surface charge and gate leakage are two mechanisms 

that have been found to affect AlGaN/GaN HFETs reliability.  

Electron tunneling from the gate is not controllable when the electric field at 

the gate edge is increased to a critical value. A two terminal test, which connects the 

gate and drain, while leaving the source floating, and measuring the gate current, Ig, 

versus the gate-drain voltage, Vgd, is often used to measure the breakdown voltage. 

During the test, the devices are measured at a deeply pinched off condition and the 

breakdown voltage measured is usually called Off State Breakdown Voltage. Fig. 2.6 

shows the typical results from a two-terminal test [11]. The leakage current is due to 

the electron hopping transport mechanism, and is very sensitive to temperature. The 

leakage current magnitude increases with temperature and measured data show the 

electrons trapped electrons on the surface have activation energy of about Ea~210meV 

[11]. The negative temperature coefficient of the breakdown voltage is a signature of 

electron tunneling. 

Another breakdown mechanism can be measured through a three-terminal test. 

The three electrodes are connected in a way that the device is normally operated or 

turned off, and drain current is measured when Vds increases. The device could be 

either turned on or off during the test. The three-terminal breakdown is correlated with 
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electron avalanche ionization in the channel. As the electrons in the 2DEG gain 

enough energy due to sufficient high electric field, the carriers are ionized and 

electron-hole pairs are generated. Fig. 2.7 shows measured results of the temperature 

variation of a three terminal test for breakdown voltage. The positive temperature 

coefficient of the breakdown voltage signifies that the breakdown is being initiated by 

impact ionization. 

 

Fig. 2.7  Temperature dependency of channel breakdown voltage. [12]  
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To differentiate between the two breakdown mechanisms, the one that occurs 

on the surface is called gate breakdown, and the other one that occurs in the channel is 

called channel breakdown. Both mechanisms can occur during the large-signal RF 

operation of an FET. The mechanism with the lower threshold will dominate in any 

given situation. For the GaAs MESFET, the breakdown mechanism that dominates is 

generally correlated with gate current and electric field at gate edge on the surface [9]. 

Gate-drain breakdown in GaAs FETs correlates well with gate tunnel leakage and 

surface breakdown. However for AlGaN/GaN HFETs, this is usually not the case, and 

channel breakdown is found to have the lower threshold, and therefore dominates 

large-signal RF performance. Gate leakage occurs, but gate breakdown is not 

generally observed to occur, except under extreme operating conditions. 

Fig. 2.8 shows measured Ids and Igd as a function of Vds for AlGaN/GaN 

transistors from the same wafer. The gate current and drain current are measured when 

the device is pinch off and Vds varies from zero to 40V. The finite and negative gate 

current is the leakage current from gate to drain and is due to electron hopping 

conduction along the surface. The gate breakdown shown as a rapid increase in gate 

current is never observed in the measurement. Vds is on the order of 60-70V to 

demonstrate the gate breakdown  
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On the other hand, the drain current in the measurement does show device 

breakdown in the conducting channel. As indicated, the RF channel breakdown 

voltage has a significantly lower value than gate breakdown, and some of the devices 

begin to demonstrate breakdown at drain voltages as low as 30V.  

 
Breakdown -6V : Vd : V 

Fig. 2.8 Measured Id and Ig as a function of Vds for selected AlGaN/GaN HFET’s from the 

same wafer. [7] 
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The lower magnitude of the breakdown voltage for RF channel breakdown 

means that for AlGaN/GaN devices, RF channel breakdown is the dominate 

mechanism that limits device performance. Gate breakdown and gate leakage current 

affect device reliability, but do not have significant affects upon RF performance. 

A possible explanation for the high breakdown voltage on the surface for 

AlGaN/GaN HFET devices is due to the existence of surface states. As electrons 

tunneling from the gate either enter into the surface being trapped by surface states or 

contribute to the gate leakage current through hopping conduction toward the drain 

electrode. Both mechanisms decrease the negative charges at the gate region, and 

lower the electric field at gate edge. The gate breakdown voltage for AlGaN/GaN 

HFETs is much higher than devices without or with less surface states. This is the 

reason that GaAs MESFET’s RF large signal behavior is dominated by gate 

breakdown and AlGaN/GaN HFET is dominated by channel breakdown.  

Fig. 2.9 illustrates how the RF channel breakdown limits device performance. 

When the electric field in the channel reaches critical value, sufficient to cause 

electron impact ionization, electron-hole pairs are generated.  The electrons move 

toward the drain, enhancing the channel current and causing a self-biasing effect. The 

holes drift back to the source. The holes move very slowly and have a high probability 

of recombining with the high density of channel electrons in the gate-source region. 
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The recombination process reduces the 2DEG concentration and enhances the SCL 

effect by lowering the SCL threshold value.  The nonlinear source resistance effect is 

affected by the RF channel breakdown and ionization degree in the device. 

2DEG

Vd VgVs 

e- 
AlGaN 

GaN 

SiC or Sapphire 

 

Fig. 2.9 Cross-Section of AlGaN/GaN HFETs at RF channel breakdown. 

Under classical theory the input capacitance Cgs for a GaAs MESFET will 

increase with input power, driving the device to a lower input impedance state. This 

phenomenon occurs because of the thinner depletion region beneath the gate at higher 

Recombine 

h+ E
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input voltage, consistent with high RF power drive. However, as shown in Fig. 2.10, 

the opposite behavior is observed for AlGaN/GaN devices, where the input 

capacitance is observed to decrease as power increases. 

  
Pin (dBm) 

C
gs

 (p
F)

 

Fig. 2.10 Measured Cgs as a function of input power drive. [13]  

The decrease of Cgs at high power is a nonlinear source resistance result. The 

extrinsic capacitance can be written as: 

NlrssCgs
CgsCgs

⋅+
=

01
0                        (2.10) 
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The intrinsic  increases with power as normal FETs behave. As it is 

compensated by the degradation of nonlinear source resistance, the result of extrinsic 

Cgs decreases when power increases as the experimental results show. Electron 

ionization increases hole generation in the channel when power increases, which 

reduces the input capacitance. The recombination of holes at high power drive 

contributes to the reduction of Cgs.   

0Cgs

 Normal FETs operates at a much lower power and lower current level than 

GaN FET devices. The inherent background doping in the channel also makes SCL 

less easy to produce in these devices. 

2.4 Summary 

The inherent superior material quality enables AlGaN/GaN devices operate 

under extreme conditions, which introduce second order physical mechanisms such as 

RF channel breakdown, nonlinear source resistance and surface electron hopping 

conduction. Different from surface breakdown observed in normal FET like GaAs 

MESFET, the RF channel breakdown is initiated by electron ionization in the 

conduction channel. It is separated from the gate surface by AlGaN buffer layer. The 

positive temperature coefficient has verified that the origin of breakdown is avalanche 
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ionization. The higher critical field for gate breakdown determines that RF channel 

breakdown dominates the breakdown process and contributes most in limiting devices 

performance.  

Nonlinear source resistance originates from SCL effect when conduction 

current reaches the threshold current value. This effect degrades devices performance 

by suppression transconductance and introduces nonlinearity. The lack of background 

doping and high current operation make this effect very important in AlGaN/GaN 

power amplifiers. The nonlinear source resistance magnitude can significantly 

increase under even modest power drive conditions. The nonlinear source resistance is 

found to limit the devices gain, output power, and also linearity behavior. 

Nonlinear source resistance is affected by the degree of electron ionization in 

the 2DEG channel. The increase of hole generated by electron ionization recombines 

with electrons when they drift back to source access region. The threshold current 

value for SCL effect is reduced by this behavior and the source resistance modulation 

is more obvious when RF channel breakdown is initiated. The increase of generated 

hole and lower threshold for SCL cause the input capacitance of AlGaN/GaN HFET 

decreases with input power, which is opposite to the direction normal FETs behave. 
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CHAPTER 3 

3.1 Physics based large signal FET model 

A physics based large signal FET model [1] is used in this work to verify the 

physical mechanisms in AlGaN/GaN HFET devices. The model was further modified 

[2] to include basic gate leakage and gate breakdown mechanisms. The model 

calculates the intrinsic FET behavior from device structure, doping profile, and 

electron transport parameters. A 2D table with small signal parameters and IV results 

are built for the DC response. Integration of the device model in a harmonic-balance 

circuit simulator permits the RF operation of a power amplifier to be investigated.  

To verify the physical mechanisms discussed in chapter 2 and study the impact 

of these effects on devices operation, the model is further modified in this work to 

include the nonlinear source resistance and RF channel breakdown phenomena. In this 

chapter the modified model is used to simulate and investigate the RF performance of 

devices with nonlinear source resistance, and the simulation results are compared with 

measured data to verify accuracy. The model is also used to investigate optimization 

issues associated with a device’s RF performance and linearity based on the 

simulation results. It is shown that the model accurately predicts both DC and RF 
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behavior of AlGaN/GaN HFET devices operating at different bias and frequencies, 

and excellent agreement between simulated and measured data is demonstrated.  

3.2 Implementation of Nonlinear Source Resistance in the Physics FET Model 

In a harmonic balance simulator the nonlinear and linear networks are 

separated and interfaced by means of time-frequency transformation technique, (e.g. 

Fourier Transforms), and the circuit response is calculated by converting the I-V 

results between time domain and frequency domain. Parasitic elements in the 

transistor’s equivalent circuit model are linear items. They are considered in the 

frequency domain. Nonlinear component such as intrinsic FET model is considered in 

the time domain. To include the nonlinear source resistance calculation in the 

simulator, the parasitic source resistance is removed from the linear network and 

placed in the nonlinear network. The final IV results are calculated by comparing the 

current response from the intrinsic FET model and the nonlinear source resistance. A 

root finder is used to obtain the final solution for the nonlinear source resistance and 

current. 

A 1-D function is formed to solve the source resistance value. Since the 

intrinsic FET model calculate the current response with given voltage boundary 
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conditions, an equation is set up by comparing the current from intrinsic FET and 

nonlinear source resistance as follows: 

0)()),(),,(( =− RsiRsivRsivi RsRsdsRsgsFET

)

             (3.1) 

Brent's method in Numerical recipes, Section 9.3 is used to find the Rs 

solution. The equation for , ,  are: )(RsiRs ),( Rsiv Rsgs ,( Rsiv Rsds

ββ
1

))(1()(
Rs
rssIsatRsiRs −⋅=                     (3.2) 

RsivRsiv RsextgsRsgs ,),(

RsextdsRsds ,

⋅−=                      (3.3) 

RsivRsiv ⋅−=),(                      (3.4) 

Where  and  are terminal voltages across intrinsic FET with 

nonlinear source resistance.  

extgsv , extdsv ,

Equ.(3.2) is derived from electric field dependent mobility by Caughey and 

Thomas [3]. The resultant expression for nonlinear source resistance is: 

ββ
1

])(1[
Isat

I

r
Rs ss

−

=                           (3.5) 

The nonlinear drain resistance expression is in the same format. But because 

the electric field and carrier concentration profiles in the drain region differ from the 
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source region, the exponential term and threshold value for the SCL effect under the 

gate at the drain edge are not equal to the value at source side. 

Finally, any parameters that are degraded with source resistance are modified 

correspondingly in the model to get the correct 2D table values for RF simulation.  

Nlrssgm
gmgm

⋅+
=

01
0                       (3.6a) 

Nlrssgd
gdgd
⋅+

=
01

0
                      (3.6b) 

Nlrssgm
CgsCgs

⋅+
=

01
0                      (3.6c) 

The implementation of the nonlinear drain resistance is very straightforward 

after calculation of the source resistance. As drain resistance is easily absorbed by the 

large load resistance, there is no obvious degradation by SCL at the drain access 

region. The replacement of a nonlinear drain resistance from the linear network to the 

nonlinear network is achieved by subtraction of the output voltage  from the 

voltage drop across the nonlinear drain resistance. The root finder routine calculates 

the final results for drain current, nonlinear source resistance, and nonlinear drain 

resistance with given terminal voltages. 

dsv
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3.3 Modified Physics Based Large Signal Model 

The complete modified physics based FET model incorporates the basic 

intrinsic FET model, gate electron tunneling and surface breakdown, nonlinear source 

resistance and nonlinear drain resistance model, and RF channel breakdown. 

A current generator in the gate-drain circuit is formulated to model the gate 

tunneling leakage current that results from the high field that exists at the edge of the 

gate contact [2]. The leakage current is a function of the donor-like surface states, 

electron tunneling effective mass, and the electric field magnitude at gate edge. A 

reverse current generator from drain to gate represents surface breakdown at the gate 

on the surface. 

A current generator in the drain-source circuit models the RF channel 

breakdown in the conducting channel. Electrons generated by impact ionization 

enhances the drain current, which is determined by the magnitude of the channel 

breakdown field, the channel electric field, device temperature and the available 

channel electron density. 

Nonlinear source resistance is modeled in the RF large signal AlGaN/GaN 

HFET model by inclusion of a variable source resistance at the source end with value 

determined as a function of current according to eqn.(3.5), as shown in Fig.3.1.  The 
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nonlinear drain resistance is added in the same way (not shown in the plot) at the 

output and in series with load resistance.  

 

Fig. 3.1 Large-Signal RF Model including nonlinear source resistance and RF channel 

breakdown. 

The modified model is embedded into a harmonic balance simulator to 

determine the device’s RF performance and IMD behavior. 
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3.4 Verification of modified device model 

To verify the accuracy of the modified physics model, comparison of the 

simulated and measured RF performance and dc drain current were performed for 

experimental devices operating at different frequencies. The gate lengths (Lg) for the 

calibration devices are 0.2µm, 0.2µm, and 0.8µm, corresponding to device operating 

frequencies at 40GHz, 10GHz, and 2.14GHz, respectively. 

3.4.1 Device A (Lg = 0.8µm, f0= 2.14GHz )  

Calibration results for an AlGaN/GaN HFET class-AB power amplifier 

operated at 2.14 GHz are shown in Fig. 3.2. The measured and simulated DC drain 

currents and RF performance are shown in Fig. 3.2 (a) and (b), respectively. As 

indicated, the physics-based model accurately simulates the measured DC and RF 

performance. 

The measured and simulated DC drain and gate currents are shown in Fig. 

3.3(a) and (b), respectively. As indicated, excellent agreement between the measured 

and simulated data is obtained. 
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 (a) 

               

                                       (b) 

Fig. 3.2 Measured and Simulated DC (a) & RF (b) Performance for a Communications Band 

AlGaN/GaN HFET Amplifier (Vds=28v, F=2.14 GHz, Class A-B). 
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 (a) 

 

                          (b) 

Fig. 3.3 Measured and Simulated dc Drain Current (a) and Gate current (b) for a 

Communications Band AlGaN/GaN HFET Amplifier (Vds=28v, F=2.14 GHz, Class A-B). 
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In the data shown in Figs. 3.2 and 3.3, the HFET has a gate length of 0.8μm, 

and a gate width of W=0.4mm. The device was biased at a drain voltage of Vds=28V. 

The amplifier was operated at 2.14GHz in class A-B. Ten harmonics were included in 

the harmonic balance routine. Simulation with more than 10 harmonics was tested for 

more accuracy. No obvious difference was seen. According to the simulation result, 

the maximum viewable harmonic distortion for this device is up to the 5th order, as is 

shown in Fig.3.4. The accuracy of the simulation results for higher order harmonics 

are either limited by machine precision or tolerance due to the numerical methods that 

were used for the calculation. 

 

Fig. 3.4 Output power from fundamental to 5th order harmonic for 2.14 GHz class-AB 

AlGaN/GaN HFET power amplifier. 
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The device performance degradation due to nonlinear source resistance 

influences the bell shape of the transconductance and capacitance. Fig.3.5 and Fig.3.6 

show the parameter extraction results of transconductance and capacitance for the 

AlGaN/GaN HFET power amplifier. The terms “extrinsic” in the plots are for the 

intrinsic FET network including nonlinear source resistance. Two sets of simulations 

were performed: (1) one including a nonlinear source resistance, and (2) one using 

only a linear source resistance. The intrinsic values for transconductance and 

capacitance for both cases should be the same as shown in the figures (The extrinsic 

value for the linear case coincides with the intrinsic value). However, the results differ 

greatly between the intrinsic and extrinsic value for simulation with nonlinear source 

resistance. The extrinsic transconductance is degraded largely by nonlinear source 

resistance, especially at large Vgs, where the conduction current value is high. The 

bell shape of the curves is one of the impacts of nonlinear source resistance by 

suppression of the device’s gain and introduction of nonlinearity at high current level. 

As the degradation term in the denominator in eqn.(3.6) cancels each other, 

there is no difference in cut off frequency (
gs

m
t C

g
f

π2
= ) due to nonlinear source 

resistance. The impact of nonlinear source resistance on the device’s high frequency 

performance is not significant. 
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.  

Fig. 3.5 Calibrated transconductance results for 2.14 GHz class-AB AlGaN/GaN HFET power 

amplifier. 

 

Fig. 3.6 Calibrated capacitance results for 2.14 GHz class-AB AlGaN/GaN HFET power 

amplifier. 
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Fig. 3.7 Measured Gain vs. Pout for AlGaN/GaN HFET class A-B PA operated at 2.14 GHz. 

An AlGaN/GaN HFET power amplifier exhibits gain compression even at 

modest drive conditions. The gain curve is flat from the beginning, then it starts to fall 

off at around Pin = -2dBm (Pout=22dBm) as shown in Fig.3.7. This early distortion 

behavior is mainly due to the effects of the nonlinear source resistance. As is shown in 

Fig.3.8, the DC component for nonlinear source resistance starts to increase from Pin 

= -2dBm.  

The nonlinear source resistance is closely related to channel current. The Rs 

plot has the same shape as DC drain current in Fig. 3.3(a) and both curves 

unidirectionally increase with input power.  
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Fig. 3.8 Simulated nonlinear Rs DC component for class A-B AlGaN/GaN PA operated at 

2.14 GHz. 

The RF dynamic loadlines are plotted on the DC I-V characteristic plane in 

Fig. 3.9. Dynamic loadlines are shown for drain current at Pin = 0dBm and 

maxPAE@14dBm. The right axis indicates the nonlinear source resistance magnitude.  

The device shows RF channel breakdown at Vds = 51V. The two dynamic loadlines 

indicate that RF breakdown occurs twice in one cycle of operation. The nonlinear 

source resistance varies from linear value of 1.3 Ohm to a maximum of 2.7 Ohm in 

each cycle. 

51



 

Fig. 3.9 Loadlines of a 2.14GHz class-AB AlGaN/GaN HEFT PA at Pin =0dBm and 

14dBm@maxPAE. 

The power amplifier’s large-signal performance is limited under extremes of 

RF voltage and current. The nonlinear source resistance dominates in the high current 

portion of the RF cycle and the RF channel breakdown dominates in the high voltage 

portion of the RF cycle. RF waveforms for drain current, nonlinear source resistance, 

drain source voltage, and channel avalanche current at Pin = 

0dBm&14dBm@maxPAE are shown in Fig. 3.10.  

The nonlinear source resistance affects device’s performance even at modest or 

small signal RF drive levels, as it introduces nonlinear distortion as soon as the device 
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has an RF input signal applied. As is shown in Fig.3.10(b), the waveform for nonlinear 

source resistance is already distorted at an input power level of 0dBm, which comes 

from the half wave shape of drain current under class A-B operation. 

When the drain-source RF voltage exceeds the channel breakdown voltage, 

which is 51V for this device, then a breakdown current generator in the drain-source 

circuit will begin to conduct and a breakdown current will begin to flow. As was 

shown in Fig.3.10(d), RF channel breakdown only occurs when the output power 

reaches the saturation point and it starts to limit PA’s performance at large signal 

condition. 
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Fig. 3.10 Waveform plots for 2.14GHz class A-B AlGaN/GaN HFET Power Amplifier. (a) 

Drain current (b) Nonlinear source Resistance (c) Drain source voltage (d) Channel avalanche 

current 
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3.4.2 Device A Operates at 38V & 48V 

   

                         (a) 

 

                         (b) 

Fig.3.11 Calibrated RF results (a) and Id DC component (b) for a 2.14 GHz Class A-B 

AlGaN/GaN HFET PA biased at Vds = 38V. 
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                           (a) 

 

                           (b) 

Fig. 3.12 Calibrated RF results (a) and Id DC component (b) for a 2.14 GHz Class A-B 

AlGaN/GaN HFET PA biased at Vds = 48V. 
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Fig. 3.11 and Fig. 3.12 are the measured and simulated RF results for the same 

2.14 GHz AlGaN/GaN HFET amplifier operating at Vds = 38V and 48V. The results 

have verified the accuracy of the physics based model. 

3.4.3 Device B (Lg = 0.2µm, f0= 10GHz ) 

Fig. 3.13 shows the calibrated RF results for a 10 GHz AlGaN/GaN HFET 

power amplifier. The threshold for SCL effect and RF channel breakdown voltage for 

this device were calibrated as 0.3A and 40V, respectively. Only three harmonics were 

calculated during harmonic balance simulation. The simulation results have accurately 

repeated the measured data. 
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Fig. 3.13 Calibrated RF results (a) and Id (b) & Ig (c) DC component for a 10 GHz 

AlGaN/GaN HFET PA. 
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     (b) 

 

      (c) 
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3.4.4 Device C (Lg = 0.2µm, f0= 40GHz ) 

Fig.3.14 is the calibrated RF results for a 40 GHz AlGaN/GaN HFET power 

amplifier. The threshold for the SCL effect and RF channel breakdown voltage for this 

device were calibrated as 0.6A and 30V, respectively. Only three harmonics were 

calculated during harmonic balance simulation. The simulation results have accurately 

repeated the measured data. 
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Fig. 3.14 Calibrated RF results (a) and Id (b) & Ig (c) DC component for a 40 GHz 

AlGaN/GaN HFET PA. 
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3.5 Simulation results with different VBD and Isc value 

An easiest way to see the impact of nonlinear source resistance and RF channel 

breakdown is by changing the threshold for SCL effect and breakdown voltage during 

simulation. 

3.5.1 Simulation results with different threshold value for SCL effect 

Fig. 3.15 are the RF simulation results for device A operated at Vds = 28V 

with fundamental frequency of 2.14 GHz. The threshold value for SCL effect was set 

to be 0.3A and 0.63A in the simulation. Both PAE and power gain are improved by 

increased Isc value from 0.30 A to 0.63 A.  

The loadline simulation results shown in Fig. 3.16 explain the reason of the 

improvement. As the threshold value for SCL effect is increased, the amplifier could 

reach at a higher maximum current, which implies that device saturates at a larger 

output power level and better PAE could be achieved. Another advantage of 

increasing threshold current for SCL is nonlinearity reduction at high current region. 

This topic is discussed in detail in chapter 4. 
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Fig. 3.15 Comparison RF simulation results for a 2.14GHz class AB AlGaN/GaN HFET PA 

with SCL threshold current value of 0.3A and 0.63A. 

 

Fig.3.16 RF Loadlines for AlGaN/GaN HFET PA with SCL threshold current value of 0.3 A 

and 0.63 A at Pin = 14dBm@maxPAE. 

66



 

Fig.3.17 Nonlinear source resistance waveforms for a 2.14 GHz AlGaN/GaN HFET PA with 

SCL threshold current value of 0.3A and 0.63A, at Pin = 14dBm@maxPAE. 

Fig.3.17 shows a dramatically decrease in nonlinear source resistance at Pin = 

14dBm by increasing the SCL threshold current value. 

3.5.2 Simulation results with different channel breakdown voltage 

The limiting effects upon RF performance due to avalanche breakdown in the 

channel can be seen by simulation permitting the magnitude of the channel breakdown 

voltage to vary. Fig. 3.18 is a set of simulation of Device A with breakdown voltage 
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being varied from 44V to 51.5V. The dynamic loadline analysis at Pin = 14dBm in 

Fig. 3.19 exhibits increase of maximum Vds at saturated output power, which pushes 

device to operate at a higher PAE and Pout as shown in Fig. 3.18. 

The simulation with variable breakdown voltages for Device C operating at 

40GHz is shown in Fig.3.20 and Fig. 3.21. The same improvement trend of RF 

performance for this device is seen by increase of channel breakdown voltage. 

Fig.3.22 is the reverse channel avalanche current at different breakdown voltages. As 

shown in the Fig.3.22, a larger breakdown voltage corresponds to less avalanche 

breakdown in the channel, and a smaller reverse conduction current. 

 

Fig. 3.18 Comparison RF simulation results for a 2.14GHz class AB AlGaN/GaN HFET PA 

with different channel breakdown voltages. 
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Fig. 3.19 RF Loadlines for a 2.14 GHz AlGaN/GaN HFET PA with different channel 

breakdown voltages at Pin = 14dBm. 

 

Fig. 3.20 Comparison RF simulation results for a 40GHz AlGaN/GaN HFET PA with 

different channel breakdown voltages. 
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Fig. 3.21 RF Loadlines for a 40 GHz AlGaN/GaN HFET PA with different channel 

breakdown voltages at Pin = 26 dbm. 

 

Fig. 3.22 Reverse channel conduction waveforms for a 40 GHz AlGaN/GaN HFET PA with 

different channel breakdown voltages, at Pin = 26dBm. 
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3.6 Summary 

This chapter discusses in detail the incorporation of a nonlinear source 

resistance and RF channel breakdown in the physics based FET model. The simulation 

results for different AlGaN/GaN HFET devices operating at different bias, and 

fundamental frequency have verified the accuracy of the model. RF performance of 

AlGaN/GaN HFETs under large signal operation is limited by RF channel breakdown 

at high voltage operation and by nonlinear source resistance at high current operation. 

Improvement in RF operation is indicated in the simulation results by increasing the 

channel breakdown voltage and the threshold current level for nonlinear source 

resistance. The above results have verified that the two mechanisms are major factors 

that limit device’s performance and present the possibility of improvement through the 

reduction of both effects. 
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CHAPTER 4 

4.1 Overview 

In this chapter the linearity performance of AlGaN/GaN HFETs is investigated 

for the first time with the use of a physics-based large-signal RF model for an 

AlGaN/GaN HFET embedded in a harmonic-balance circuit simulator [1]. The model 

has been modified for multi-frequency performance and the IMD spectrum is 

calculated. The physics-based device model for the first time permits determination of 

the RF and IMD performance of the device as a function of device design, bias, and 

circuit parameters.  

The nonlinear source resistance results from the onset of space-charge limited 

(SCL) current within the conducting channel of the transistor. It has been 

demonstrated that the nonlinear source resistance modulation degrades the linearity of 

the device [2,3], even under modest RF drive conditions. 

This chapter addresses the IMD behavior and phase distortion for a microwave 

power AlGaN/GaN HFET operating at 2.14GHz. IMD characteristics versus drive and 

nonlinear source resistance are studied. It is shown that the linearity of the amplifier 

can be optimized by careful selection of the gate-source spacing. An optimized Lsg 

spacing is determined to achieve a minimum IMD at a specified input power level. 
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The simulated IMD results are compared to experimental data and good agreement is 

obtained. The simulation results of IM3 variation at different bias condition versus 

space charge limit threshold are presented. Different impacts of nonlinear source 

resistance on IMD product were observed under small signal conditions. Both the 

simulation and theoretical analysis show a constant degradation of IMD with nonlinear 

source resistance under large signal operation. It is also shown that the nonlinear 

source resistance has larger impact on phase distortion than nonlinear drain resistance.  

In order to achieve an accurate intermodulation simulation, the physics based 

large signal model was modified to run simulations under multi-tone signal generation. 

With the additional multi-frequency simulation capability, the large signal physics 

model was used to study the device linearity performance under multi tone and wide 

band signal condition. An improvement of intermodulation behavior was seen from 

the results of 4-tone simulation as the nonlinear source resistance is decreased through 

adjusting Lsg spacing and Isc (threshold current value for SCL effect) values. The 

effect of nonlinear source resistance on spectral regrowth for a WCDMA signal is also 

shown in this chapter. Improvement of ACPR (Adjacent Channel Power Ratio) was 

shown in the simulation by decreasing source resistance modulation. No obvious 

variation has been shown in the simulation when breakdown voltage is changed. 
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4.2 Nonlinearity analysis with nonlinear source resistance using polynomial model 

In this section, the nonlinear distortion due to nonlinear source resistance is 

analyzed based upon a polynomial analysis. Under large signal operation, the onset of 

SCL transport induces a nonlinear source resistance in AlGaN/GaN HFET’s due to 

high current injection [4]. 

Based upon polynomial analysis, it is shown that the extrinsic and third order 

transconductance due to nonlinear source resistance are expressed as [2]: 
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Since both r1 and r3 increase rapidly as current increases, the extrinsic 

transconductance decreases very fast because of the degradation factor 1+gmi1r1. The 
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third order transconductance is comprised of two components: The first part comes 

from the source degeneration; and the second part comes from nonlinear source 

resistance. As the current approaches the threshold for SCL current transport 

(indicated as Isc), the nonlinear part will dominate the third order term, and a rapid 

increase in gmext3 results. It follows that harmonic distortion due to the nonlinear 

source resistance increases rapidly as the device is driven into large-signal operation.  

 The input third order intercept point (IIP3) can be written as [5]: 

                      
3

1

3
43

mext

mext

g
gIIP =                        (4.5) 

The IIP3 is reduced due to the effect of the nonlinear source resistance. As 

shown in eqn.(4.2) and eqn.(4.5), the IIP3 could be improved by reducing rss or 

increasing the Isc magnitude. The former method could be realized through reducing 

Lsg spacing, and the latter could be realized through increasing the 2DEG 

concentration. 

Generally, the 3rd order IMD product is determined by gmext3 according to the 

following equation [5]: 

                      3
312 4

3)2( inmextout vgi ≅−ωω                  (4.6) 

And the gain is determined by gmext1 and gmext3 as follows [6]: 

                      3
31 4

3)( inmextinmextout vgvgi +=ω                (4.7) 
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Under small signal operation, the RF gain usually shows a moderate gain 

compression or expansion phenomenon [6]. It starts from gmext1RL and a gain 

compression results, when gmext3<0, or gain expansion results, when gmext3>0. Then a 

significant gain compression follows when the device is driven into large signal 

operation due to the large signal distortion mechanisms, which results in a negative 

gmext3. Accordingly, the gmext3 changes from positive value to negative when gain 

expansion appears, which presents a null IMD at an intermediate signal level (large 

signal IMD sweet spot [7]), from eqn.(4.2). It usually occurs for a device biased into 

class-AB, and shows an abrupt decrease in IM3 at certain input power level. It 

enhances the PA linearity when the device is operated close to the sweet spot. 

Compared to the input back-off technique to improve the amplifier linearity, the IM3 

notch bias can improve the power-added efficiency when it occurs at the 1-dB 

compression point. The IM3 notch is due to the compensation between the small 

signal and large signal distortion mechanisms. The location of the sweet spot is a 

function of bias, the tuning of the matching network, the device structure, and also the 

distortion mechanism.  

The nonlinear source resistance has a great impact on IMD behavior according 

to eqn.(4.2). Under small signal operation conditions, depending on the bias and 

tuning, the nonlinear source resistance could either decrease or increase the IM3. For a 
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device with gain compression, the original gmi3 is negative, and the second term in 

eqn.(4.2) adds to the first term, which degrades the IMD product. For a device with 

gain expansion, the original gmi3 is positive, and the second term in eqn.(4.2) subtracts 

from the first term, which improves the IMD product. However due to the more 

negative term in eqn.(4.2), the IMD sweet spot is moved from large signal to small 

signal level, and the PAE advantage is therefore reduced.  On the other hand, for 

large signal conditions, the IM3 is degraded by the nonlinear source resistance 

regardless of the bias and tuning factors. The bias and nonlinear source resistance 

dependence of the IMD product will be addressed in detail in section 4.4. 

In the extreme case, where the second term in eqn.(4.2) is large enough that its 

value dominants in the equation, the gmext3 remains negative regardless of the bias 

condition and tuning, and the null IMD point disappear due to this effect. 

4.3 Nonlinearity simulation 

A physics based large signal model was used to study the nonlinearity effect 

with source resistance modulation. The model was modified to include multi-tone 

simulation capability in order to predict the IMD behavior accurately. Current 

techniques used to analyze intermodulation performance are transient envelope 
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analysis [8], volterra-series [9], or spectral balance [10]. As the original physics based 

model implemented Harmonic Balance technique to perform RF simulation, the most 

efficient way to add on the multi frequency simulation feature is to develop an 

algorithm that is based on Fourier Transform and Harmonic Balance methods. After a 

thorough research on the nonlinearity analysis tools for nonlinear circuit, a novel 

Fourier Transform method especially for closely spaced frequency generation [11] is 

used in the model. The new model is the first physics based large signal FET model 

that is able to run simulation under wide band signal generation. 

4.3.1 One tone and two tone simulation for a 40GHz device 

Fig. 4.1 and Fig.4.2 show the simulation results for a 40GHz device under one 

tone and two tone generation. Fig. 4.1 shows the variation of 1dB gain compression 

point under one tone generation and 3rd order intermodulation term under two tone 

generation at Pin = 20dB, where the maximum PAE is located. Improvement of 

linearity can be seen from both the decrease of IM3 and increase of 1dBCP as Lsg 

spacing reduces. 
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Fig. 4.1 Simulation results of 1dBCP under one tone and IM3 under two tone generation 

when Lsg changes from 0.1µm to 0.7µm for a 40GHz AlGaN/GaN device. 

Fig. 4.2 shows the results of 1dBCP when breakdown voltage increases from 

27V to 38V. It shows that breakdown mechanism has a great impact on device 

linearity under large signal operation conditions. Linearity is improved when there is 

less breakdown occurring in the conducting channel. From load line point of view, the 

larger breakdown voltage leaves more room for the device to operate before it reaches 

the saturation region. 
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Fig. 4.2 1dBCP simulation results with breakdown voltage varied from 27V to 38V for a 

40GHz AlGaN/GaN device. 

4.3.2 Simulation with source resistance modulation for a 2.14GHz device 

The simulations reveal the existence of a nonlinear source resistance, as shown 

in Fig. 4.3, which shows the real-time nonlinear source resistance for a 2.14GHz 

device biased at three drain voltages, Vds=28, 38, and 48V. As shown, the nonlinear 

source resistance increases with drain bias. The following are nonlinearity simulation 

results for this 2.14 GHz AlGaN/GaN device. 
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Fig. 4.3 Nonlinear source resistance real time waveforms versus drain bias, for Pin adjusted 

to obtain maximum power-added efficiency for a 2.14GHz AlGaN/GaN device. 

The IMD behavior due to nonlinear source resistance is calculated and the 

results are shown in Fig. 4.4. At small and modest RF drive conditions, the device 

with the smaller nonlinear source resistance (i.e., Vds=28V) generates less nonlinear 

distortion, as expected, and improved linearity results. When the device is driven 

harder, tuning and other distortion mechanisms start to dominate, and the order of IM3 

reverses between the device biases, with the lowest IM3 obtained with the drain bias 

set to Vds=48V. The exact reasons causing this reversal are investigated. 

Communication amplifiers are generally operated under modest drive condition and 
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the input signal power is backed off from the 1dB compression point. At this signal 

level, the nonlinear source resistance is still sufficiently large to cause nonlinear 

distortion and limit the device linearity, as shown in Fig.4.3.  

       

Fig. 4.4 Simulated IM3 variation for devices with different nonlinear source resistance and 

drain bias for a 2.14 GHz AlGaN/GaN device. 

The simulated and measured IM3 versus DC current bias for the device biased 

at Vds=28V are shown in Fig.4.5 and Fig.4.6, respectively. The measured data in 

Fig.4.5 [12] is for a device with the same structure, but with an increased gate width.  
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Under small and modest drive conditions, the IMD is improved as current bias 

increases and the device is driven towards class-A operation. Under these conditions 

the nonlinearity is dominated by small signal distortion mechanisms. The curves tend 

to converge together as the device is driven harder, and the nonlinear distortion starts 

to be dominated by large signal operation mechanisms such as RF channel breakdown 

and the nonlinear source resistance. 

       

Fig. 4.5 Simulated IM3 variation versus current bias for class-AB 2.14 GHz AlGaN/GaN 

HFET amplifier.  
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Fig. 4.6 Measured IM3 variation versus current bias for class-AB 2.14 GHz AlGaN/GaN 

HFET amplifier [12].   

Both the measured and simulated IMD results show a notch versus input power 

for specified current bias, which is sometimes called the large signal IMD sweet spot 

[7], and usually occurs for a device biased into class-AB. It enhances the PA linearity 

when device is operated close to the sweet spot. Compared to the input backoff 

technique to improve the amplifier linearity, the IM3 notch bias can improve the 

power-added efficiency when it occurs at the 1-dB compression point. The IM3 notch 

is due to the compensation between the small signal and large signal distortion 
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mechanisms. The location of the sweet spot is a function of bias, the tuning of the 

matching network, the device structure, and also the distortion mechanism. 

The nonlinear source resistance can be modulated by changing Lsg spacing in 

the HFET. The effect is demonstrated by simulating the IM3 for the same device with 

various Lsg spacing values. Four Lsg values: 1.6μm, 0.8μm, 0.4μm and 0.2μm, were 

simulated and the results of the simulations are compared in Fig. 4.7. 

        

Fig. 4.7 Simulated IM3 variation versus Lsg spacing for class-AB 2.14 GHz AlGaN/GaN 

HFET amplifier.  
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The results reveal improved IMD for reduced Lsg spacing, due to a reduction 

in the nonlinear source resistance. However, an optimum Lsg spacing is observed to 

exist. This occurs due to tradeoffs between the impact of the nonlinear source 

resistance and the conventional nonlinearity mechanisms in the device, circuit tuning, 

etc. For the device under investigation the improvement in IMD is maximum for a Lsg 

of 0.4µm under small and modest RF drive operation. For higher drive levels the 

optimum Lsg is 0.8µm. The reason that the optimization saturates is because the 

nonlinear source resistance is decreased to a small enough level such that other 

nonlinear mechanisms start to dominate. Further reduction in the Lsg spacing 

produces limited linearity improvement. 

4.3.3 Multi tone simulation 

Following is a set of simulation results for a 2.14 GHz device under 4-tone 

signal generation using the physics base model. Fig. 4.8 shows the result when the 

intermodulation is simulated under four equal sinusoidal signals with output power 

magnitude Pout at 14dBm. The frequency spacing is 3MHz with the center frequency 

at 2.14 GHz. Spectrum in the adjacent shoulder region to the main channel is the 

major source that contributes to the spectral regrowth under wide band signal. It 
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mainly comes from the 3rd and 5th order intermodulation terms. Higher order 

intermodulation terms may come into the adjacent channel when the signal is 

increased to a large enough level. Under wide band signal generation, linearity is the 

major concern for receiver and transceiver design. Power amplifier is usually chosen 

to operate several dBm back off from maximum PAE to guarantee a linear operation, 

Therefore the signal level in simulation was chosen mainly in small signal regions, 

where Pout = 14dBm and 19 dBm.  The following simulation will show how the 

spectrum changes when the nonlinear source resistance varies by changing the Lsg 

spacing and space charge limited current value (Isc). 

       

f1 f2 f3 f4
IM3&IM5 IM3&IM5 

higher order IM higher order IM 

Fig. 4.8 Spectrum simulation results under four equal sinusoidal signals when Pout = 14 

dBm.  

88



Fig. 4.9 shows the multitone simulation results when the space charge limited 

current threshold value increases from 0.40 A to infinity. The spectrum in adjacent 

channel is 18 dBc when Isc = 0.4 A, and increases to 24dBc when the source 

resistance becomes pure linear, which is the case when Isc is close to infinity. The 

simulation results demonstrate an improvement in spectral regrowth when the 

nonlinear source resistance effect is decreased. It shows a 6dB improvement on the 

spectrum density in the adjacent channel by increasing Isc value.  

Fig. 4.10 is a set of simulation for the same device with Lsg varying from 

0.25um to 1.6um at Pout = 19 dBm. The space charge limited current threshold value 

(Isc) in the simulation is set to be 0.56A. Power density in adjacent channel is about 

18dBc when Lsg =1.6um and increased to 24dBc when Lsg = 0.25um. In this 

simulation, the nonlinear source resistance is reduced through decreasing the linear 

resistance at small signal (rss), rather than by increasing the space charge limited 

current threshold value in the previous case. And the spectral regrowth is improved by 

about 6dB when rss decreases from 1.3 Ohm to 0.2 Ohm.  
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Fig. 4.9 Spectrum simulation results with different Isc value under four equal sinusoidal 

signals when Pout = 19 dBm.  

 

~6dB 

-18dBc

~6dB 

-18dBc

Fig. 4.10 Spectrum simulation results with different Lsg spacing under four equal sinusoidal 

signals when Pout = 19 dBm.  
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As a comparison, Fig. 4.11 shows a set of simulation with variable Lsg spacing 

for 4-tone signal when Pout = 14 dBm. Power density in adjacent channel when Lsg = 

1.6 um is about 24 dBc, and it is improved by about 5 dB by decreasing the Lsg 

spacing to 0.25um. As the effect of source resistance modulation is smaller at smaller 

power level, the improvement on spectral regrowth by limiting the source resistance is 

less obvious than that in previous case. 

 

~5.5dB 

-24dBc 

Fig. 4.11 Spectrum simulation results with different Lsg spacing under four equal sinusoidal 

signals when Pout = 14 dBm.  
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4.4 IMD with nonlinear source resistance 

As discussed in 4.2, the nonlinear source resistance has a different effect on the 

IMD product depending on the original sign of gmi3. To further understand this 

behavior, several sets of simulations were performed with different bias current and 

space charge limited threshold current. Fig. 4.12 shows a set of simulation of IM3 

versus Isc at different bias conditions. For comparison, the simulation results with 

only a linear source resistance were also added. This case is shown with Isc ~ infinity. 

In case A, the device is biased for class A operation with Id =80mA. The 

original gmext3 term at the small signal condition is negative, and neither gain 

expansion nor the IMD sweet spot appears in the plot. The decrease in the threshold 

value for space charge limited current enhances the nonlinear source resistance effect. 

Therefore, the addition of the second negative term and the first term in eqn. (4.2) 

degrades the IMD product when the Isc value decreases, as was shown in Fig. 4.12a. 
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Fig. 4.12 Simulated IM3 variation versus Isc at different bias current for a 2.14 GHz 

AlGaN/GaN device. (a) Id = 80mA (b) Id = 40mA (c) Id = 10mA (d) Id = 5mA 
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Case B corresponds to the device biased for class AB with Id = 40mA. When 

only a linear source resistance is included, the original gmext3 shows a slightly positive 

value, with mild degradation under large signal conditions. Inclusion of the nonlinear 

source resistance increases the degradation of the IMD behavior. Further reduction of 

Isc increases the magnitude of the second term in eqn. (4.2) and the gmext3 becomes 

negative. The dip in IM3 shown in Fig. 4.12b then disappears.  

Case C is for a device biased near pinch off, with Id = 10mA. The IM3 shows 

a deep notch at Pout=23dBm for the curve without inclusion of the nonlinear 

resistance effect, and a positive gmext3 at small signal conditions results. Setting the 

Isc=1.45A/mm, the nonlinear source resistance reduces the gmext3 value by subtracting 

the two terms in eqn.(4.2). An improvement in IM3 is shown in the plot at small signal 

conditions. Further decrease in the Isc magnitude produces a more negative gmext3 with 

a corresponding degraded IMD product. The IM3 minimum disappears when 

Isc=0.75A/mm and the curves show degraded IM3 for Isc = 0.625 and 0.5 A/mm. 

In Case D, the nonlinear source resistance produces non-uniform results. When 

Isc ~ infinity, two gradual IM3 valleys are present. The nonlinear source resistance 

with Isc = 1.45A/mm improves the IMD behavior and introduce a small signal sweet 

spot. When Isc decreases below 0.75A/mm, IM3 is constantly decreased, and two IM3 
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minimums are presented both at small signal and large signal conditions. To explain 

this behavior, a more accurate expression for eqn.(4.6) is introduced: 

      5
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The relationship of the nonlinear source resistance and gmext5 is: 
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The variation of gmext5 versus nonlinear source resistance is similar to gmext3. 

For the curve without nonlinear source resistance, gmext3<0, gmext5>0, and gmext5 

gradually dominates in eqn.(4.8) as input power increases. This creates a wide valley 

with improved IM performance at small signal levels by the interaction between gmext5 

and gmext3, and a second valley at large signal conditions by the interaction between 

gmext5 and the large signal distortion mechanisms. No IM3 notch is observed. Inclusion 

of the nonlinear source resistance increases the gmext3 according to eqn.(4.2), which 

enhances the interaction between gmext3 and gmext5, and a small signal sweet spot at 

Pout = 10dbm is produced. The gmext5 term then dominates at large signal operation, 

and the curve demonstrates a reduced IM3 when the nonlinear source resistance is 

included. Further decrease of the Isc magnitude reduces the gmext5, but the term 

remains positive and dominates the response, thereby introducing the two IM3 

minimuma. The first IM3 minimum is due to the interaction between gmext5 and gmext3, 
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and the second is due to the compensation between small signal (gmext5) distortion and 

the nonlinear source resistance distortion. As was shown in the plot, the IMD is 

improved from Isc=0.75A/mm to 0.5A/mm with a deeper IM3 notch, but appears at a 

smaller input power, which agrees with the analysis shown before.  

Since the IM3 is mainly determined by a negative gmext3 at large signal levels, 

the IM3 is always degraded with an increase of the nonlinear source resistance, as was 

shown in Fig.4.12. Therefore, under large signal conditions, increased nonlinear 

source resistance magnitude always degrades the IMD.  

4.5 Phase distortion with nonlinear source resistance 

Linearity is a crucial factor in today’s third-generation (3G) systems, where a 

multicarrier signal with variable envelope amplitude is amplified at the base station 

and in personal communication devices. The transmission of these signals encounters 

both amplitude and phase distortion. Experiment has shown that these signals are 

much more susceptible to AM-PM conversion than constant envelope signals [13]. 

Distortion shown in the final signal as spectral regrowth is usually characterized by 

ACPR and EVM specification. It has been shown in previous work that nonlinear 

source resistance distorts the amplitude of AlGaN/GaN HFET power devices due to 
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extrinsic transconductance degradation [2,3]. As mobile communication systems have 

transitioned from TDMA to CDMA, it is especially important to study the AM-PM 

conversion for AlGaN/GaN HFET devices, which have attracted much recent attention 

for power amplifier applications.  In this section, the effect of nonlinear source 

resistance upon AM_PM conversion is investigated. Several cases are reported: (1) a 

linear device with linear Rs, (2) a linear device with nonlinear Rs, and (3) a nonlinear 

device with nonlinear Rs.  

4.5.1 Model generation 

outi  

gsv  
inv  

sR  

Intrinsic    

 

           Fig. 4.13 Equivalent circuit for phase distortion analysis 

The device equivalent circuit is shown in Fig.4.13 

99



Assume the signal is described by the following: 

                 )cos( βθω ++= tAvin                       (4.10) 

                 )cos( θω += tBvgs                          (4.11) 

Where and are the input signals before and after Rs distortion. The term gsv inv

β  represents the extra phase distortion introduced by Rs. 

Also,  

                  )cos( ϕθω ++= tCouti                      (4.12) 

Where ϕ  represents the AM-PM characteristic for the intrinsic FET, and   

B
CGmi = , represents the AM-AM characteristic for the intrinsic FET. 

Substitute (4.10), (4.11), and (4.12) into 

soutgsin Rivv ⋅−=                         (4.13)                    

and after rearranging the equation, the resulting extra phase variation, β , is 

expressed as,  

                   
ϕ

ϕβ
cos1

sinarctan smi

RG
RG

−
−=
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                   (4.14) 

The AM_PM conversion for the extrinsic FET is, 
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It follows that: 

                 
smiRG−

=
ϕ

ϕϕ
cos

sinarctan'                       (4.16) 

The effect of Rs upon AM_PM conversion depends upon the Rs value, the 

intrinsic device’s AM-AM conversion and the AM-PM conversion. In the case 

when 0=ϕ , Rs would have no effect regardless of its value. 

4.5.2 Simulation results 

 

Fig. 4.14 AM-PM simulation circuit with nonlinear source resistance in Agilent ADS.  
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To verify the analytical equation for phase distortion, the AM-PM conversion 

was simulated in Agilent ADS using a behavioral power amplifier (PA) model. Fig. 

4.14 shows the simulated circuit in Agilent ADS. A current controlled voltage source 

component is used to represent the nonlinear source resistance as shown in Fig. 4.14.  

In order to see the verification result, the source resistance was set to a constant 

value, Rs=2 Ω, in the simulation. The phase derivation values shown by eqn. (4.14) 

for both the linear device (without amplitude distortion) and the nonlinear device (with 

amplitude distortion) cases are shown in Fig. 4.15.  The solid line is the calculated 

results from above equations. The circle line is the simulated results from ADS. The 

left side figure shows the AM-PM conversion results, defined as φ’ in eqn. (4.16), and 

the right side figure is the extra phase distortion βcaused by Rs according to eqn. 

(4.14). 

The analytic model is in excellent agreement with the ADS simulation results 

for AM-PM distortion and the extra phase variation. Several observations were made 

from this model:  

i. For a linear system without AM-PM and AM-AM conversion but a 

constant phase shiftϕ , the linear source resistance only introduces an extra constant 

phase shift β, determined by eqn. (4.14), with no impact upon system linearity. The 

final phase of the output signal is determined by eqn.(4.16) 
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ii. For the nonlinear system with only AM-AM distortion, but without 

AM-PM conversion, the linear source resistance Rs introduces AM-PM conversion 

into the system through the intrinsic device’s AM-AM distortion. The final phase 

distortion is determined by eqn. (4.16).  

iii. For a linear system without AM-PM and AM-AM conversion but with a 

constant phase shiftϕ , the nonlinear source resistance Rs transforms it into a 

nonlinear system, and introduces phase distortion into the system, as determined by 

eqn. (4.14).  

iv. For a nonlinear system with both AM-AM and AM-PM conversion, the 

nonlinear source resistance Rs introduces an extra phase variation β in addition to the 

original phase distortion φ, where β and the final phase distortion φ’ are determined by 

eqn. (4.14) and eqn. (4.16) respectively. 

The analytical model shows that the nonlinear Rs introduces amplitude 

distortion, as previously reported [2,3], and also introduces phase distortion. The 

nonlinearity of Rs transforms a pure linear system into a nonlinear system by 

introducing both AM-AM conversion and AM-PM conversion.  

The results in Fig. 4.15 indicate how AM-AM distortion impacts AM-PM 

distortion. Eqn. (4.14) shows that device gain (Gm) amplifies the effect of nonlinear 

source resistance upon phase distortion through the term GmRs. Therefore less phase  
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                                    (a) 

 

                                (b) 

Fig. 4.15 Comparison AM_PM conversion and phase variation due to Rs from the Agilent 

ADS simulation and the analytical model. (a). Power amplifier without AM_AM conversion 

and a linear source resistance Rs = 2 Ohm. (b) Power amplifier with 1dB gain compression at 

Pin=20 dBm and a linear source resistance Rs = 2 Ohm. 
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distortion due to nonlinear Rs is expected for a device with gain compression. As input 

power increases, dc drain current also increases along with the magnitude of nonlinear 

source resistance. For devices without AM-AM conversion, β  starts from zero, and 

then unilaterally increases with input power. For devices with AM-AM conversion, as 

power increases, β  reaches at a maximum value and then decreases. The decrease of 

β  with increasing RF signal drive is caused by gain compression. 

The nonlinear source resistance in the simulation is modeled as a current 

controlled voltage source with the voltage expressed as a polynomial. 

The simulation results for phase distortion with nonlinear source resistance are 

shown in Fig.4.16. The results with only a linear resistance are also included for 

comparison. The circle line is the result with a nonlinear source resistance,  

 Ohm. The solid line is the result with a linear 

Rs=2 Ohm. 
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Fig. 4.16 Simulation Results of AM-PM conversion for PA with nonlinear source resistance. 

(a) Power amplifier without AM_AM conversion. (b) Power amplifier with 2dB gain 

compression at Pin=30 dBm. (c) Power amplifier with 2dB gain compression at Pin=20 dBm. 
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As mentioned previously, the effect of the nonlinear source resistance upon 

phase distortion is more obvious for a PA without AM-AM distortion than for those 

with AM-AM distortion, since the decrease of Gm at large input power level 

suppresses the GmRs term in eqn. (4.14). An effective method to decrease AM-PM 

conversion due to a nonlinear Rs is to reduce and limit device gain. Fig. 4.16(b) and 

Fig. 4.16(c) show phase distortion results for two PA with different linearity. Power 

amplifier in (b) has less gain compression than PA in (c), and shows more phase 

variation due to nonlinear source resistance. Linearization techniques such as source 

degeneration, improve linearity by limiting PA gain, and also improve phase distortion 

as explained in the above analysis. 

4.5.3 Phase distortion analysis using physics base model 

In this section some simulation results using physics based model are presented 

to study the phase distortion under source and drain resistance modulation. Fig. 4.17 

shows the phase distortion results for a 2.14 GHz AlGaN/GaN HFET device with and 

without nonlinear resistance. The phase distortion in the simulation is defined as the 

output current phase changing value refered to the original phase shift at small signal 

level, which in this case is when Pin = -10 dBm. The minima appearing in the curve 
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are due to the convergence problem of the numeric solver. They are not part of the 

device behavior. 

 

Fig. 4.17 Phase Distortion simulation results for a 2.14 GHz AlGaN/GaN HFET device. 

The phase distortion starts from 0 degree and increases to a maximum of 30 

degree when Pin reaches the maximum output power. A dramatic decrease of phase 

distortion is seen from the simulation when the nonlinear resistances are replaced by 

linear ones. The maximum phase distortion decreases by about 10 degree from the 

nonlinear resistance case. This simulation shows the nonlinear resistance has a great 

impact on phase distortion. 
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Fig. 4.18 Phase distortion simulation results for a 2.14 GHz AlGaN/GaN HFET device when 

Isc (Rs) varies from 0.45 A to infinity, Isc(Rd) = 0.56A. 

The following simulation results separate the effect of nonlinear source 

resistance from nonlinear drain resistance by only changing one resistance modulation 

at a time and leaving the other one to be constant. Fig.4.18 is a set of simulation when 

only the nonlinear source resistance modulation is changed by adjusting Isc(Rs), the 

threshold for space charge limited current at source access region, while leaving the 

threshold for SCL current at drain access region to be a constant, Isc(Rd) = 0.56A. The 

phase distortion increases as nonlinear source resistance modulation increases by  

110



 

(a)

 

(b) 

Fig. 4.19 Nonlinear source and drain resistance versus Pin when Isc(Rs) changes from 0.45A 

to infinity. (a) Nonlinear Rs (b) Nonlinear Rd 
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decreasing the Isc(Rs) value. A decrease of 20 degree of the maximum phase 

distortion is reached when only a linear Rs is used, which is the case when Isc(Rs) 

value approaches infinity. 

Fig. 4.19 shows the variation of nonlinear source resistance and nonlinear drain 

resistance as Isc(Rs) changes. We can see that the increase of phase distortion mainly 

comes from the increase of nonlinear source resistance. The changing of drain 

resistance modulation is small enough to be neglected. 

 

Fig. 4.20 Phase distortion simulation results for a 2.14 GHz AlGaN/GaN HFET device when 

Isc (Rd) varies from 0.45 A to infinity, Isc(Rs) = 0.58A. 
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Fig. 4.20 is a set of phase distortion simulation when only the nonlinear drain 

resistance modulation is changed by adjusting Isc(Rd) value from 0.45 A to infinity, 

while leaving the Isc(Rs) value to be a constant, Isc(Rs) = 0.58A. 

Compared to Fig. 4.18, Fig. 4.20 shows a much less phase distortion variation. 

It shows that nonlinear source resistance has a greater impact on phase distortion than 

nonlinear drain resistance. The result is not hard to understand, as the operation nature 

of FET device determines that the device output current depends only on the input 

voltage. Nonlinear drain resistance only affects the output voltage, while the nonlinear 

source resistance at the input port affects the output current by forming a feedback 

loop from the output to input. The effect of nonlinear source resistance is further 

amplified by a factor of Gm, as was shown is the analysis in section 4.5.1. It also 

proves that it is very important to limit the nonlinear source resistance modulation in 

order to optimize the device performance. 

Noted that the phase distortion in this set of simulation actually increases when 

the drain resistance modulation decreases by increasing the Isc(Rd) value. The reason 

can be explained as followings. Fig. 4.21 shows the changing of nonlinear source 

resistance modulation and nonlinear drain resistance modulation as Isc(Rd) varies. 

From the simulation results, we can see that the byproduct of increasing the Isc(Rd) 

value is the increase of nonlinear source resistance. Even though the variation of  
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(b) 

Fig. 4.21 Nonlinear source and drain resistance versus Pin when Isc(Rd) changes from 0.45A 

to infinity. (a) Nonlinear Rs (b) Nonlinear Rd 
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nonlinear source resistance is not as large as that in previous case when Isc(Rs), it is 

the origin that causes the phase distortion, which also proves that the increase of phase 

distortion is mainly due to the increase of nonlinear source resistance.  

The impact of breakdown mechanism on phase distortion is also studied. Fig. 

4.22 is a set of simulation results showing the change of phase distortion when 

breakdown voltage varies from 45V to 60V.  Not much phase distortion 

improvement has been seen in the simulation when breakdown voltage increases. The 

breakdown mechanism has very little impact on phase distortion. 

 

Fig. 4.22 Phase distortion simulation results for a 2.14 GHz AlGaN/GaN HFET device when 

breakdown voltage varies from 45V to 60V. 
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Power amplifiers are usually chosen to be operated at small to medium signal 

level to ensure a linear performance for input generation with variable envelope. In 

such cases breakdown is not yet happening in the device. Only if when device is 

overdriven into deep saturation, breakdown mechanism can have a great impact on 

device performance. And breakdown affects the nonlinearity mainly through 

amplitude distortion. Therefore for generations with variable envelope such as 

WCDMA signal, breakdown has not much impact on the output spectral regrowth. We 

will further prove this scenario in the following section. 

4.6 Spectral regrowth simulation 

The inherent nonlinearity of PA is the major factor that causes nonlinear 

distortion when signal is transmitted. A common form of nonlinear distortion 

appearing in a wide band signal transmission is spectral regrowth characterized by 

ACPR (Adjacent Channel Power Ratio), where the adjacent channel is polluted during 

transmission. Prediction of spectral regrowth is usually done through time domain 

analysis [14] or calculation from analytical equation, in which the PA are represented 

by a closed-form expression obtained from its AM-AM and AM-PM characteristics 

[15, 16]. The AM-AM and AM-PM conversion are derived from measurements of 
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complex gain versus input power for a one tone signal setup and obtained from some 

simulation techniques, i.e. harmonic balance or periodic-steady-state simulation. 

These analyses herein assume that the AM-AM and AM-PM characteristic are 

sufficient to represent the device operation. The accuracy of these methods is often 

limited by the complexity expression of amplifier’s transfer function. Up to 

seventh-order nonlinearities in Volterra expression has been seen in the calculation 

[15]. Although these methods do provide some valuable insight in to the connection 

between spectral regrowth and PA nonlinearity, no information based on device 

physics has been given. 

In this section the physics based model is used to exploit the nonlinearity 

behavior of a 2.14GHz AlGaN/GaN device under wide band signal. As the output 

response is calculated from power amplifier’s physics based model, the results of 

spectral regrowth are directly related to device’s physical mechanism and structure. It 

provides a useful tool for RF engineers and researchers to understand the specific 

nonlinear process that leads to spectral regrowth, and opens up the opportunity for 

device optimizations in terms of geometry and structure design. 

Adjacent channel power ratio or adjacent channel leakage ration is the ratio of 

power in the transmitted channel to the power in the side band channel. It 

characterizes the interference produced by mixing products between the individual 
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frequency components of the spectrum, and deteriorates as amplifier is driven into 

saturation. Typical requirement for ACPR specification in 3GPP (3rd Generation 

Partnership Project) system is from 45 to 50 dB.  

The original physics based model apply harmonic balance (HB) simulator to 

convert the voltage and current waveform response between time-domain and 

frequency-domain. An important feature of HB is that frequency component of the 

output for one tone generation consists of integer multiples of the fundamental 

frequency. Since the originality of spectral regrowth comes from intermodulation of 

odd-order nonlinearity, the spectrum is composed of closely spaced mixing products. 

The amount of time sample needed for harmonic balance to calculate spectral 

regrowth is nearly impossible to realize. Several techniques in terms of Fourier 

transform have been developed to minimize the time sample number [17-19]. Among 

these techniques, a modified multitone harmonic balance algorithm introduced by Vuk 

Borich [11] is applied in the large signal model. It efficiently reduces the time sample 

by shifting the higher order mixing products to the lower order harmonics, when a 

certain condition is satisfied for the relationship between center frequency, frequency 

components and sampling rate. The shifting of the center frequency is usually very 

small, and considered to be negligible enough to cause very little change in result. 

Detail derivation and explanation of the algorithm can be referred to Ref. [11]. 
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The following ACPR simulation utilizes one carrier of the first test model TM1 

specified in 3G system specification [20] with 64 active user channels. I, Q data files 

for WCDMA signal are generated from Agilent ADS software, and imported into 

physics based model to do the simulation. Fig. 4.23 shows the input and output 

spectrums for the calibrated AlGaN/GaN HFET device biased at 8mA. The input 

spectrum is plotted in Agilent ADS with centered frequency at 2.14GHz, and 

modulation bandwidth of 3.84MHz.  

The total number of frequency used in the HB simulator is 2999 with band 

limit of 1000. Tone spacing is set to be 0.015MHz. The first 999 frequency 

components are from 0.015MHz to 14.985MHz, which is not the spectrum we are 

interested in. And the rest components from 1000 to 2999 are frequency range from 

2.125GHz to 2.155GHz, where most of the signal is being transmitted.  Without 

modifying the algorithm the time sample needed to calculate the frequency response is 

2.155GHz / 0.015 MHz = 143666, which is very time consuming and will need a lot 

of computing resource to calculate the spectrum we don’t really need. The application 

of the new algorithm greatly reduces the time sample and is very efficient. 

P1, P2, P3 labels in the output spectrum plot represent the integrated power 

density in the main channel and 5MHz offset adjacent channel. The P1, P2 and P3 
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results are used to calculate ACPR and denoted as (the frequency range is referred to 

the center frequency): 

P1 = Integrated power of output spectrum for main channel from -1.92MHz to 

1.92MHz 

P2 = Integrated power of output spectrum for lower side band from -6.92MHz 

to -3.08MHz 

P3 = Integrated power of output spectrum for upper side band from 3.08MHz 

to 6.92MHz 

The ACPR result can be calculated as: 

ACPR _Low5 = P2-P1 = 10.56 dBm – (-20.80 dBm) = 31.36 dB  

ACPR_Up5 = P3-P1 = 10.56 dBm – (-20.66 dBm) = 31.22 dB 

Following are several simulations for different bias and nonlinear source 

resistance. The tone spacing is set to be 0.0075MHz in order to achieve more detail 

calculated spectrum. Fig. 4.24 and Fig. 4.25 are simulation results when device is 

biased at 21 mA and 35 mA respectively.  

Biased at 21mA: 

ACPR _Low5 = P2-P1 = 17.71 dBm – (- 14.79 dBm) = 32.50 dB  

ACPR_Up5 = P3-P1 = 17.71 dBm – (- 14.86 dBm) = 32.57 dB 
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Fig. 4.23 Input and output spectrum for an AlGaN/GaN HFET device biased at 8mA with test 

model TM1 WCDMA signal. 
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Biased at 35mA:

ACPR _Low5 = P2-P1 = 19.86 dBm – (- 11.49 dBm) = 31.35 dB  

ACPR_Up5 = P3-P1 = 19.86 dBm – (- 11.58 dBm) = 31.44 dB 

Fig. 4.26 and Fig. 4.27 are simulation results for the same device without 

source resistance modulation (SRM) and biased at 21mA and 35 mA respectively.  

ACPR results for device with only linear source resistance when biased at 

21mA: 

ACPR _Low5 = P2-P1 = 18.00 dBm – (- 16.93 dBm) = 34.92 dB  

ACPR_Up5 = P3-P1 = 18.00 dBm – (- 16.74 dBm) = 34.74 dB 

ACPR results for device with only linear source resistance when biased at 

35mA: 

ACPR _Low5 = P2-P1 = 20.06 dBm – (- 16.08 dBm) = 36.14 dB  

ACPR_Up5 = P3-P1 = 20.06 dBm – (- 15.58 dBm) = 35.63 dB 

Table 4.1 summarizes the above ACPR results with different simulation setup. 

The impact of SRM on ACPR increases when device’s current bias increases. The 

decreasing of ACPR from 32dB to 31dB when current bias increases from 21mA to 

35mA with nonlinear source resistance is due to the impact of SRM on nonlinearity. 

SRM is removed by replacing the nonlinear resistance with a pure linear one. Without 

the effect of nonlinear source resistance, ACPR is improved form 34dB to 36dB. By 
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removing the SRM, an approximate of 2dB improvement on ACPR is seen when 

device is biased at 21mA. And about 5dB improvement is seen when device is biased 

at 35mA.  

Table 4.1. ACPR calculation results from the physics based model for an AlGaN/GaN HFET 

device with TM1 WCDMA signal. 

 
 21mA 35mA 

With SRM 32 dB 31 dB 

Without SRM 34 dB 36 dB  

Simulation was also done when breakdown voltage varies to see the impact of 

breakdown mechanism on ACPR. Device is operated far before saturation, therefore 

breakdown has negligible impact on linearity. Secondly, breakdown mechanism does 

not cause much AM-PM conversion, a major distortion factor that leads to spectral 

regrowth. As what we expected, the simulation does not show much difference in 

ACPR results when breakdown voltage changes.  
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Both simulation and theoretic analysis show that nonlinear source resistance 

has a great impact on spectral regrowth. It is beneficial to optimize device design to 

minimize nonlinear source resistance in order to improve PA’s linear performance 

under wide band signal. The optimization on device structure to minimize SRM will 

be able to reduce the analog manufacturing complexity and relieve engineers from the 

burden of designing linearization circuitry.  

-90

-75

-60

-45

-30

2.13 2.132 2.134 2.136 2.138 2.14 2.142 2.144 2.146 2.148 2.15

Freq(GHz)

O
ut

pu
t S

pe
ct

ru
m

(d
Bm

)

-15

0

PSD

 

Fig. 4.24 Output spectrum for an AlGaN/GaN HFET device with test model TM1 WCDMA 

signal, when biased at 21mA including SRM. 
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Fig. 4.25 Output spectrum for an AlGaN/GaN device with WCDMA signal, when biased at 

35mA including SRM. 
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Fig. 4.26 Output spectrum for an AlGaN/GaN device without SRM, when biased at 21mA. 
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Fig. 4.27 Output spectrum for an AlGaN/GaN device without SRM, when biased at 35mA. 

4.7 Summary 

AlGaN/GaN HFET’s have great potential to produce RF output power more 

than an order of magnitude greater than traditional FETs. However AlGaN/GaN 

HFETs currently suffer from physical effects that limit linearity. In particular, a 

nonlinear source resistance induced by the onset of SCL current transport seriously 

limits the device linearity under modest and large signal RF operation. A physics 

based large signal model embedded in a harmonic balance simulator is used to 

investigate the IMD behavior of AlGaN/GaN HFETs as a function of bias and 
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gate-source spacing. The simulated RF performance is in excellent agreement with 

experimental data. IMD simulation reveals improvement in linearity by up to 5-6 dB 

by reducing the Lsg spacing. An optimum source-gate spacing is found to exist, and 

reduction of Lsg below this value produces no further improvement. The optimum 

value for Lsg spacing depends on the input power level and the nonlinear distortion 

mechanism. Detail analysis of the simulation results shows different impacts of 

nonlinear source resistance on IMD behavior under small signal operation, and a 

degradation impact on IM3 under large signal operation. The effect of nonlinear 

source resistance upon power amplifier phase distortion is studied. An analytic model 

is developed and verified with Agilent ADS simulation results.  The nonlinear source 

resistance transforms a pure linear system into nonlinear system through both 

amplitude distortion and phase distortion. The analysis shows that the nonlinear source 

resistance adds an extra phase variation to the original nonlinear system. Device 

amplifies this effect through the GmRs term, which indicates that an effective method 

to improve linearity is to suppress and limit device gain. Simulation using the physics 

model verifies the great impact of nonlinear source resistance on AM-PM conversion. 

The phase distortion variation shows a large improvement of 15 degree with different 

SRM when device reaches the maximum output power. Almost double of source 

resistance has been seen in the simulation when power increases, which is the major 

127



factor that cause nonlinearity. Not much impact on AM-PM conversion has been seen 

with nonlinear drain resistance and breakdown mechanism. The implementation of an 

efficient HB algorithm makes the physics model be able to simulate PA response with 

wide band signal within an acceptable time sample range. The calculated ACPR shows 

about 5dB improvement when nonlinear source resistance is replaced with a linear 

one. The simulation results show the effect of SRM on spectral regrowth, offering an 

opportunity for engineers to optimize device design in terms of minimizing nonlinear 

source resistance. 
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CHAPTER 5 

5.1 Conclusion  

In this work a modified physics based large signal FET model was developed 

to include the nonlinear source resistance effect and RF channel breakdown. Both 

effects were found to be the main factors that limit device’s RF performance at large 

signal condition. Especially nonlinear source resistance is becoming significant even 

at modest signal condition. The modified model has been verified by comparing with 

the measured data. The impact of these physical mechanisms on devices RF 

performance is shown in simulation by changing the breakdown voltage and threshold 

current value for SCL effect. 

Both channel breakdown and gate breakdown exist in AlGaN/GaN HFET 

devices. The conducting channel is separated from the gate surface by AlGaN buffer 

layer. The higher critical field for gate breakdown determines that RF channel 

breakdown dominates the breakdown process and contributes most in limiting 

AlGaN/GaN HFET devices performance.  

It has been proved in the work that the nonlinear source resistance limits the 

device’s gain and linearity by suppressing the extrinsic transcondutance, the maximum 
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drain current, and affecting the bell shape of gm and Cgs. Nonlinear source resistance 

originates from space-charge limited current (SCL) effects when the conduction 

current reaches the threshold current value. The lack of background doping and high 

current operation make this effect very important to AlGaN/GaN power amplifier. The 

nonlinear source resistance value is doubled or tripled even at modest power drive 

condition. It limits devices gain, output power, and also linearity performance. 

The physics based model was improved by adding multi-tone and wide band 

signal simulation capability. With this feature, detail analysis of the impact of 

nonlinear source resistance on the device’s linearity has been performed. Nonlinearity 

parameters including IMD, AM-PM conversion, and ACPR are calculated.  

Nonlinear source resistance impacts the device’s linearity performance through 

both amplitude and phase distortion mechanisms. Theoretical analysis of phase 

distortion has shown that nonlinear source resistance introduces AM-PM conversion 

by adding an extra phase variation at the output.  

For the calibrated 2.14GHz class-AB amplifier, both RF performance and 

linearity, including IMD behavior and ACPR parameter, were improved by 

minimization of nonlinear source resistance effect either through decreasing the Lgs 

spacing or increasing the threshold current level for SCL effect. 
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5.2 Future work 

As reliability has been a major issue for AlGaN/GaN HFET power amplifier, 

Researchers have put much effort in improving device reliability in order to move 

them into the commercial sector. The physics based model provides a good 

opportunity to study the physical mechanism and help save the cost and time to 

optimize device design for better reliability performance. Therefore it is beneficial to 

complete the physics based model by adding the surface hopping conduction 

mechanism based on the gate tunneling model that already exists.  

The current physics based model was based on MESFET behavior. Specific 

model that describes the hetero-junction structure and physical features for 

AlGaN/GaN HFET devices are yet to be set up. Some features such as 2DEG and 

polarization field coming from AlGaN/GaN materials polarization charges need to be 

included in order to completely describe the device. The calculated electric field and 

potential distribution in the channel from the new model should be more accurate than 

the current model, which would provide more insight into the device operation 

principles. 
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APPENDIX A  

Derivation of Power Amplifier Extrinsic Transconductance  

With Source Resistance Modulation 

 

Fig. A.1 Transfer Function Flow Chart of HFET with Nonlinear Source Resistance. 
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APPENDIX B  

Power Amplifier Phase Distortion With  

Source Resistance Modulation 

gsv , , and  in Fig. 4.13 can be expressed as: iv outi
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Where 

B
CGmi = ,  represents the AM-AM characteristic for the intrinsic FET. 

It is straight forward that: 
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The extrinsic phase distortion is βϕϕ −=' , and it can be expressed as: 
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	4.2 Nonlinearity analysis with nonlinear source resistance using polynomial model
	In case A, the device is biased for class A operation with Id =80mA. The original gmext3 term at the small signal condition is negative, and neither gain expansion nor the IMD sweet spot appears in the plot. The decrease in the threshold value for space charge limited current enhances the nonlinear source resistance effect. Therefore, the addition of the second negative term and the first term in eqn. (4.2) degrades the IMD product when the Isc value decreases, as was shown in Fig. 4.12a.

