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Abstract—In this paper Low Frequency (LF) parasitic effects 
are assessed through three kinds of measurements. It is shown 
that LF S-parameters measurements allow to extract the 
thermal impedance of Heterojunction Bipolar Transistors 
(HBTs) and to put dispersive effects of AlGaN/GaN High 
Electron Mobility Transistors (HEMTs) into evidence. Large 
signal (RF pulsed and two tone intermodulation) confirm the 
impact of those parasitic effects on performances of Power 
Amplifiers.  

Keywords-thermal, parasitic; traps; pulses; two-tone 
intermodulation.  

I. INTRODUCTION

RF  power technologies (Si, GaAs and GaN) are either 
well established or very promising for future equipment in 
the defense and space domains. Notably the unique 
properties of GaN Field Effect Transistors in terms of 
breakdown voltage associated to high cut-off frequencies 
make possible a breakthrough for the development of new 
Solid State Power Amplifiers (SSPA) for Radars and 
Telecommunications applications. In both domains those 
SSPA are fed by modulated signals such as versatile pulses 
in the case of Radars or highly modulated signals in the case 
of telecommunication applications. Therefore it is essential 
to assess the dynamical behavior of RF devices  fed by large 
modulated signals. Contrary to CW conditions, the dynamics 
of parasitic created by trapping and thermal effects can no 
longer be ignored. In order to get insights into the impact of 
those effects on large signal characteristics, a set of small 
and large signal measurements must be performed on 
transistors coming from various foundries. Those 
measurements are carried out through low frequency S-
parameters measurements, time domain pulsed load-pull 
measurements as well as two-tone intermodulation 
measurements.  

Thermal effects in bipolar transistors are very  severe in 
Heterojunction Bipolar Transistors (HBTs) as well as in 
AlGaN/GaN HEMTs. Many techniques allow to measure the 
thermal impedance of RF power transistors. However thoses 
techniques are often based on complex measurements that 
necessitate a special preparation of the devices under test. If 
available an electrical measurement technique  would 

provide a convenient mean to get data for determining 
nonlinear electrothermal models.  

Parasitic effects in AlGaN/GaN HEMTs have been 
extensively studied both from the point of view of thermal 
effects and  trapping effects. Many effects have been 
identified through the use of electrical methods such as Deep 
Level Transient Spectroscopy(DLTS) [1] or  pulsed 
measurements initially on GaAs FETs [2] then on GaN 
devices [3]. Meanwhile a number of authors have conducted 
a number of studies about the physical mechanisms involved 
in the trapping process [4-6]. It appears from these studies 
that the trapping process is a very highly nonlinear process. 
This nonlinear process results from the dissymmetry of the 
time constants involved in carrier capture and emission 
processes. Indeed, in the case of deep levels, the time 
constant of the capture process falls into the nanoseconds-
microseconds range while that of the emission process falls 
into the microsecond-millisecond range. This effect has been 
accounted for in a number of circuit models   which all 
represent the dissymmetry of the trapping [7-10]. From 
another side a number of linear models have been proposed, 
but they fail to accurately predict the large signal behavior 
[11 ]of the device. Recently a simplified model able to take 
into account both the drain lag and the gate lag was proposed 
and extensively tested in a Continuous Wave load-pull set 
up. The main result obtained from the measurements and 
confirmed by simulations with the model is that, in class AB 
mode and with loads close to optimum ones, the average 
drain current decreases when the input power increases. This 
behavior can only be explained by trapping-detrapping of 
carriers either at the surface of the device or in the GaN 
layer. This behavior will be confirmed by measurements on 
modulated signals.  

II. TEST BENCHES DESCRIPTION

Measurements were performed on three different test 
benches. The first one is a pulsed Large Signal Network 
Analyzer (LSNA), the second one is an Envelope 
measurement system. Large Signal Time Domain Pulsed 
Measurements and the third one is a LF S-parameters 
measurement set-up.  



A. Time-domain measurement set up 

The time-domain measurements were performed, using 
the set-up shown at fig-1 which allow versatile time domain 
measurements in various pulsed configurations [12, 13]. In 
this case the measurements were performed on an 8x75x0.25 
µm² AlGaN/GaN HEMT at the carrier frequency of 6GHz in 
different pulse configurations. A DC bias was applied to the 
device.  

Figure 1. Schematic of the time domain load pull system organized 
around a Large signal network analyzer (LSNA). Pulse configuration can 

be managed through a special pulse PCB generator. 

B. Enveloppe Measurement System  

The Envelope measurement system represented in Fig-2 
was designed for the analysis of the behavior of Power 
Amplifiers under modulated signal excitation [14]. The base 
band modulation format is generated by the computer 
controlling the whole set up and loaded in I / Q ports of the 
signal modulation unit. The output RF signal of the signal 
modulation unit is linearly amplified and feeds the input of 
the power amplifier under test .Time domain complex 
envelopes of RF signals at the input and the output of the 
amplifier under test are measured by using vector signal 
analyzers.  

The complex envelope of the RF signal at the PA output 
is measured by using a Vector Signal analyzer. The 
magnitude of this complex envelope is also measured at the 
video out access of the vector signal analyzer and recorded 
on channel 3 of the scope. Channels 1 and 2 of the scope are 
used to record drain bias current and voltage. The vector 
signal analyzer provides the 10 MHz synchronisation signal 
to the signal modulation unit. The signal modulation unit 
provides the appropriate trigger signal to the scope and the 
vector signal analyzer 

Figure 2. Schematic of the Envelope Measurement system used either for 
pulsed measurements or for intermodulation measurements. 

1) Low-frequency S-parameters measurements  

A third measurement set-up has been used in order to 
characterize the low frequency dispersive effects. This set 
combines two Vector Network Analysers (VNA) in order to 
cover the whole frequency range from 10Hz to 40GHz [15]. 
This allows measuring the small signal characteristics of the 
transistors in the frequency domain where parasitic effect 
take place. Both the thermal and trapping effects have a 
strong impact on the Low Frequency (LF) characteristics. In 
the case of Hetrojunction Bipolar Transistors (HBT) where 
trapping effects are negligible the LF S-parameters allow a 
precise and full determination of the dynamic thermal 
behavior of HBT’s. In the case of AlGaN/GaN HEMTs the 
situation is more complex because of the mix of thermal and 
trapping effects in the same range of frequency.  A special 
care has been dedicated to the development of bias tees able 
to go down to 10Hz.  
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Figure 3. Schematic of the test bench for 10Hz-40GHz characterization of 
RF transistors 



III. RESULTS

A. Thermal analysis of HBTs through LF S-parameters 

Thermal analysis of GaAs/GaInP was performed through 
LF S-parameters measurements. Indeed it has been shown in 
[16] that the LF feedback coefficient of the HBTs is only due 
to the thermal feedback as far as the feedback due to the base 
collector capacitance is sufficiently low which is the case at 
LF. In fig.4, the impact of the thermal feedback for a 
GaInP/GaAs HBT is illustrated by comparing the S12

parameter with and without thermal effects in a nonlinear 
electrothermal model and with measurements. From this 
comparison it appears that, at LF, the feedback results only 
from the thermal behavior.  
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Figure 4. S12 parameter versus frequency for  the transistor HBT 
3x2x2x110 µm² showing the thermal feedback. Measured S12 a).  

Simulated S12 with an electrothermal model and ZTH computed from 3D 
finite element simulation b). Simulated S12 from the model  and ZTH set to 

zero c). 

Moreover, it can be shown [16] that the thermal 
impedance can be readily extracted from those 
measurements by transforming the S-parameters in the well-
known hybrid H-parameters by using the first order 
approximation:  
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Figure 5. Real Part of  thermal  impedance  versus frequency  for different 
values of collector current density and  various sizes of HBTs. As the 
temperature rise is assumed linear, the thermal impedance is directly 
related to the temperature of the device times the dissipated power. 

Measurements are shown here without averaging and the lines are obtained 
through measurements fitting.  

This method has also the advantage of being independent 
of the size of the transistor and has been used for the 
determination of the thermal impedance of S-band HBTs as 
shown in fig-5. Unfortunately it cannot be applied to 
AlGaN/GaN HEMTs due to the presence of trapping effects.  

B. Small signal Frequency dispersion of AlGaN/GaN 
HEMTS 

In the case of AlGaN/GaN HEMTs the LF S-parameters 
reveal the trapping effects in much more pronounced fashion 
than thermal effects. Those measurements like the one 
shown in fig-6 allow to better determine the time constants 
associated with those trapping effects in a model like the one 
proposed in [18]. However examination of the curves given 
in fig-6 shows that those time constants are highly dependent 
to the drain voltage bias. To our knowledge there is no model 
able to take this behavior into account yet. Nonlinear models 
that take into account the trapping effects must be able to fit 
those characteristics in order to be consistent with all kinds 
of measurements that can be performed on transistors such as 
RF pulsed measurements or two tone intermodulation 
measurements.  
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Figure 6. S22 parameter : (a) magnitude, (b) phase of a transistor 
AlGaN/GaN 8x75 µm at 25 °C for  Vgs= -1V and Vds =  4 V (A) ; 8 V (B) 

and Vds = 20 V (C) 

C. RF Pulsed measurements of AlGaN/GaN HEMTS  

RF Pulsed measurements were performed under DC bias 
on a AlGaN/GaN HEMT of 8x75x0.25 µm² from UMS 
foundry and for a large number of output loads. The shape of 
the average draint current is shown in Fig-3 for an output  
load : Zload = 0.467*ej34.47° Zload(2fo) = 50 Ohms. The 
decrease of this current is due to the trap capture which 
increases as the gate and drain voltage excursions increase 
with Pin as explained in [18] for a CW measurement. In this 
case the RF power was pulsed and the average drain currents 
exhibit transients  corresponding to the capture and emission 
of traps. For example if the input power is pulsed to 0dBm 
the current decreases (	IDT) during the pulse due to the 
capture of traps. At the end of the pulse, when the input 
power is switched off, there is a discontinuity in the drain 
current corresponding to the amount of increase (	ID1) of the 
average drain current which should have appeared in the 
absence of traps as shown in Fig-7-a. Then  the captured 
carriers are re-emitted and the drain current recovers at its 
bias level. It can be seen that the time constant for emission 
is of the order of ms while this of capture is well below 10µs. 
In the Fig-7-b it can also be observed  that depending of the 
input power the drain current can increase or decrease.  
Measurements have also been performed at different 
duration and recurrence of pulses. They will be presented 
during the talk.  

D.   Two tone measurements 

   Same kinds of experiments have been carried out on a 10W 
GaN power amplifier from Cree (CGH40010F-TB). In 
pulsed conditions this power amplifier exhibited the same 
drain current behaviour. In order to assess the impact of traps 
on linearity and memory characteristics, two-tone 
measurements have been carried out. The carrier frequency 
was 3.6 GHz. A sine wave envelope modulation fed the I 
port of the I/Q modulator while Q access was set to 0. The 
frequency of this sine wave envelope modulation was swept 

from 10Hz to 100 KHz. This resulted in two tone RF stimuli 
with various tone spacing at the RF input of the power 
amplifier under test. Current and voltage probes connected to 
a sampling scope are used for voltage and current 
measurements at the drain bias port of the amplifier under 
test. Measurement results are shown in Fig 8-a and Fig-8-b. 
The DC bias current is close to 180mA and the minimum 
observed in Fig-4-a corresponds to the instant at which the 
envelope of the RF wave is equal to zero. In the absence of 
traps the current should have its bias level. While this is true 
for very low frequency spacing of the tones, it is no longer 
true when the frequency spacing increase or, equivalently, 
when the period of the envelope decreases. In the latter case 
trap capture occurs when the envelope is at its maximum and 
the emission time constant is so large that carriers can’t be 
detrapped during the decrease of the envelope of the signal. 
This results in a minimum current (corresponding to the zero 
envelope) which is well below the bias level. It must also be 
noted that the decrease of this minimum is more pronounced 
as the output power increases. 

a) 

b) 
    

Figure 7. a) Explanation of the shape of the average drain current during 
an RF pulse. b) Measurements of the average drain current at different 
power levels. The 8x75x0.25 µm² AlGaN/GaN HEMT was biased at 

Vdso=30V and Idso= 84mA. The output load was Zload = 0.467*ej34.47° 
Zload(2fo) = 50 Ohms. 



a) 

b)

Figure 8. Time domain average drain current of the PA fed by two-tones 
RF excitation. a) time variation of the current when the frequency spacing 

is swept from 10Hz to 100KHz, b)  Variation of the minimum of the 
current versus frequency at different output power levels.  

IV. CONCLUSION 

A number of experiments have been carried out to assess 
the impact of parasitic effects on output waveforms of power 
transistors fed by modulated signals – pulses and two-tones-. 
It has been shown that traps have a significant impact on 
average drain current in these two cases. Further 
investigation are currently on going to correlate those 
behaviors with models extracted from pulsed, LF and RF 
measurements.  
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