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Characterization of memory effects in GaN based HPAs for multi function sensors
ANDREAS DIVINYI
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Truly multi-functional sensor systems are enabled through the recent development
of wideband and multi channel digital back ends to control systems with several
transmitter and receiver modules, in combination with the advancements in the de-
velopment of these modules utilizing GaN MMIC based solutions. However, there is
a considerable lack of insight into the problem of long term memory effects in broad-
band GaN MMIC power amplifiers required to enable the next generation of small
and lightweight multi functional sensor systems. As such this thesis is focused on
the impact of memory effects when changing between two waveforms representative
of the different operating conditions applicable for a multi function system. Thus a
suitable test bench is designed capable of providing arbitrary waveforms, switching
between them and, record the results. The measurement data is modeled in terms
of exponential time constants in order to quantify the impact on the behavior of
a power amplifier caused by memory effects in terms of amplitude and time. The
results indicate the presence of these memory effects in the amplifier operation after
switching applications and decrease of influence from the previous waveform as time
progress. Furthermore, investigating the effect of timing mismatch between the gate
and RF pulsing showed a significant decrease in device performance.

Keywords: Characterization, GaN, MMIC, HPA, Memory effects, Multi functional
sensors.
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1
Introduction

The demand for more sensors in everything from mobile phones, cars and drones
drives the development of smaller, lighter, and more efficient sensor systems. There
is also a demand for the capability to be able to do more with these sensors, prefer-
ably replacing several systems with one is a general trend [1] [2]. The case of airborne
surveillance systems is perhaps one of the best examples where the demand for small,
lightweight. and versatile systems is prominent due to the inherent limitations in
confining multiple systems in an aircraft.

One relevant technology to implement and make use of multi function sensors is
active electronically scanned arrays (AESA). This is a suitable technology for the
implementation of a multi function sensor system. By consisting of a large num-
ber of antenna elements separately controlled through a digital back end enables
greater freedom in using beamforming [2]. Thus the system can function as if it was
several antennas pointed in different directions. These beams can then be utilized
for different functions or in support of the same use case. This could include but
not be limited to an AESA that incorporates a radar system, communication, and
electronic warfare [2]. Due to the possible use cases for these systems, the demand
for sensor reliability and performance is highly prioritized. Failure to achieve this
might degrade the quality of transmitted or received information or even render
it useless. The implications of this in a military or civilian implementation could
potentially put lives at risk as well as endanger valuable property.

The intended functionality of the AESA poses several demands on the construction
of the front end regarding both the choice of technology and material. For instance,
it needs to comply with the demand for small size and weight considerations. While
still provide high amplification for the transmitter and receiver sensitivity for the
applications that requires this. The system is also required to maintain a high de-
gree of power efficiency in order to not require excessive cooling which also require
energy. Thus depending on intended use smart use of multi function systems could
also reduce power consumption with possible environmental benefits as a result. For
these reasons, the best suited alternative is a gallium nitride (GaN) based solution
made with monolithic microwave integrated circuit (MMIC) for use in the front end
in an AESA system [3]

Furthermore, GaN is a wide band gap semiconductor which has proven to be the
most capable of operating at frequencies up to W-band (75 GHz-110 GHz) [4]. Used
in high electron mobility transistors (HEMT) it has proven to be able to handle large
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1. Introduction

amounts of power and operating more efficiently than competing technologies. The
advent of using GaN based solution has revolutionized the semiconductor indus-
try focused on high power applications. There is however a multitude of decisions
regarding growth, design and manufacturing, and their impact to take into consid-
eration. For example how buffer doping cause time dependant electron trapping in
the amplifier resulting in a temporary decrease in gain [5].

Therefore as multi function sensors are being implemented there is a need to more
thoroughly characterize and understand memory effects. Especially as the operation
of an AESA requires reliable switching between applications or waveforms. The in-
tention is that the system immediately should be able to rely on the front end, such
as power amplifiers, to remain linear regardless of a previous application. However,
since the presence of memory effects has been proven it is thus known that there
are non linear effects. Furthermore, the cause of these effects in GaN high power
amplifiers is known and has been extensively studied in terms of pulse to pulse insta-
bility [6] [7]. Along with studies of the non linearities such as hot electron trapping
in GaN devices [8]. Similarly, there has been research into the field of modeling and
compensating of transients in GaN amplifier [9]. However these models aim to com-
pensate for transients present during thermal equilibrium of pulses in GaN power
amplifiers but do not take memory effects from the previous signal into consideration.

This illustrates a gap in the understanding of the initial impact of a waveform for the
initial pulses. Previous research has not characterized the present memory effects
in terms of the previous waveform that could have caused memory effects when
initiating a waveform or signal. Therefore the impact of the memory effects is not
known or how it varies depending on the properties of the waveforms considered.
The thesis contributes with how to construct an appropriate test bench capable of
characterizing the impact of switching between different waveforms. By doing this
for the initial pulses and comparing it to steady state cases it is possible to estimate
the impact of memory effects and quantify transients.
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2
Multi functional sensors

There are instances where a platform, such as an aircraft, require the use of several
sensors systems for a range of applications such as radar, communications system
and depending on intended use also systems for electronic warfare. Providing sep-
arate sensors for all these systems however, represents not only a cost but also
requires space and contributes to weight. Therefore, there are incentives to more
efficiently use the available sensors. This is also seen in the trend to decrease sensor
system complexity and reduce the amount of hardware necessary and replace several
other systems with one. However, these systems are required to retain the previous
functionality and also to improve performance and reliability.

2.1 AESA
Active electronically scanned array (AESA) is an implementation of a multi func-
tion system and is used for platforms including naval and airborne systems. To
realize a multi functional AESA requires two parts, a digital back end, and a high
performing front end to enable multi function applications [10]. The front end is
comprised of an arbitrary amount of transmitter/receiver modules that can be sub-
divided and configured with beam forming and thus acting like separate antennas by
applying a phase shift in the transmitted or received signal [1]. Separate beams are
advantageous since the system can be made highly flexible and versatile by assigning
different applications to different beams. This also enables reconfiguring the system
and switching between applications due to the high degree of freedom in controlling
the transmitter/receiver by electronically redirection the antenna beam. Combined
these options enable the AESA to support and successfully operate a wide range of
applications such as radar, communication, and electronic warfare [1].
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2. Multi functional sensors

2.2 Radar

Radar is an acronym and stands for radio detection and ranging, it is used for de-
tecting range and velocity of objects from a distance and have a plethora of both
military and civilian uses. The main principle is to send out a well defined elec-
tromagnetic signal and measure the echo. The time for the signal to travel back
and forth gives information on the distance to a detected target [11] as illustrated
in figure 2.1. Furthermore, doppler shifts in frequency caused by the object provide
information on speed and direction.

To illustrate the most basic functionalities of a radar system as seen in figure 2.1
consists of a transmitter to send out the radar pulse and a receiver to receive the
pulse. The transmitter which contains the focus of this thesis, the high power ampli-
fier (HPA). The operation of a transmitter as seen in figure 2.2 typically includes the
input of the desired signal from a waveform generator [11]. There are several choices
for radar signals as both continuous wave (CW) and pulses can be utilized and they
can be chirped or not. Before the signal is being sent out using the antenna the signal
is required to be amplified. Ideally, to avoid distortion the amplification is simply
the linear gain independent of the previous signal. Therefore the amplification step
is critical for the radar to avoid distortions and increase performance [10].

Figure 2.1: A conceptual schematic over a radar system.

Figure 2.2: A basic transmitter consisting of waveform generation and amplifica-
tion.
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2. Multi functional sensors

2.3 Electronic warfare
Electronic warfare can be divided into two categories, electronic support (ES) and
electronic attack (EA). ES systems are mainly used for passively detecting signals
from example enemy radars and provide the functionality to characterize and even
locate the source of these signals. As it is a passive system does not require a trans-
mitter but in order to be able to detect potentially broadband radar signal the ES
on average needs a significant bandwidth [1].

However, the EA heavily relies on transmitters as it is intended for impacting the
function of target systems. Utilizing different sorts of jamming technologies as an
important feature for this system is the ability to output enough power to reduce
the performance of an enemy sensor system. This is mostly done by simply having
a signal that distorts or raises the noise floor of the signal the enemy system is
intending to record. Therefore a functioning EA relies on the system being able
to identify and provide a jamming signal on the frequency band utilized by the
enemy. EA can also be used to provide false information to enemy systems by
having ES analyzing an enemy radar signal and then having EA output an altered
radar signal containing a false signal concerning location [1]. However, to enable
such functionality requires that the amplifier is linear so as not to affect the false
radar echo. This increases the difficulty of eliminating a radar system and thus
reducing the risk of operating the system.

2.4 Communication
Use of communication could for a mobile or stationary radar system include commu-
nicating with other mobile platforms such as airborne systems (aircraft or drones),
transfer of sensor data to a control center, or any other need for data transfer. The
main requirements to do so is to have a sufficient signal power in order to establish a
signal to noise ratio (SNR) to discern the signal from noise. Noise usually becomes
an issue when the signal is attenuated by propagation or other effects [1]. There are
other design considerations such if the data intended to be transmitted or received
is time dependent. Then the bandwidth of the communication system needs to be
large enough to allow a sufficient data rate [1]. This in turn could introduce the
need to change to higher frequencies which in turn increases the demand for more
power due to higher attenuation [1].

5



2. Multi functional sensors

2.5 Multi function sensors
AESA enables a platform to utilize multi function operations and the reduced com-
plexity that it provides [10], while at the same time taking advantage of improved
reliability and functionality. In a military context, the multi function sensors could
be implemented in systems that provide radar functionality such as detection and
ranging. Furthermore, simultaneously be equipped to function as jamming and
communication systems. This has potential especially for airborne platforms [10]
because these are already equipped with a large number of systems making the in-
clusion of more sensors unfeasible as the demand for more EA and communication
rise. By taking advantage of multi function systems reduce the amount of equip-
ment needed. This in turn enables an airborne system even more lightweight which
is of advantageous for possible drone based systems. Furthermore, the software
needed to operate these intended systems with multi function sensors other require-
ments include support for multiple waveforms and concerning hardware reliable RF
sources [10].
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3
GaN Technology

Using gallium nitride based solutions in multi function sensor front ends has proven
to be the best alternative to reduce the size and enable versatile use. This is possible
due to several reasons such as intrinsic material properties and its usefulness in
designing HEMT based amplifiers with MMIC and the advantages in performance
and fabrication.

3.1 GaN material properties

The GaN semiconductor has proven to be the best suited material for use in high
power RF applications due to several intrinsic properties such as a wide band gap
and high mobility [12]. A feature of the wide band gap is a higher breakdown voltage
which enables it to be used directly in high power components [12]. Furthermore, a
low electron transit time in the crystal gives rise to a high cutoff frequency enabling
the material being used for high frequency applications [4]. However, the product
of cutoff frequency and breakdown voltage is called the Johnsson’s limit and is used
as a figure of merit to indicate the trade off between breakdown voltage and cut-
off frequency. This is a material dependent figure and increasing the breakdown
decreases the cutoff frequency and thus to enable both a high frequency and high
power application this value needs to be sufficiently high in order to operate at high
power and high frequency [4]. For example, if normalized with the value for Si, the
Johnsson’s limit of GaN is 27.5 while a material such as GaAs has a value of 2.7 [13].

The process of growing GaN crystals has been successful with both metal organic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE). Both of
these techniques are capable of growing a thin layer of GaN another semiconductor
materials. This is what enables the design of components out of this material [12].
However, in terms of manufacturing the MOCVD process has proven more suit-
able as it is faster and cheaper compared to MBE. Unfortunately using MOCVD
introduces impurities into the GaN crystal which causes to become more conductive
introducing leakage currents. To decrease these leakage currents it is a common
design choice to dope the material with Fe atoms. This, in turn introduces another
unwanted effect by causing trap states in the band gap of the device. [14] [5].
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3. GaN Technology

3.2 The GaN HEMT

Creating a hetero junction by placing AlGaN on top of GaN can be used for fab-
ricating high electron mobility transistor (HEMT) which is regarded as a desirable
component for use in high frequency and high power system. This due to it allowing
high current densities while achieving a low channel resistance thus reducing the
amount of heat. This is the result of the creation of a two dimensional electron gas
(2DEG) in the interface between AlGaN and GaN [15]. The 2DEG is located in
the GaN portion between the buffer and the AlGaN layer as illustrated in figure
3.1. Depending on the design the GaN HEMT has a high amount of electrons in
the 2DEG even with no applied gate voltage making the GaN HEMT an always on
device.

The HEMT consists of several layers as seen in figure 3.1 and the device can be
constructed on a substrate consisting of SiC. On top of the substrate is the AlN
nucleation layer which decreases the lattice mismatch between SiC and GaN mak-
ing it possible to grow GaN on top of the AlN layer [15]. The mismatch is caused
by differences in crystal structure between the two materials causing a strain in the
material. If the mismatch is too large the crystal lattice will not be able to align
with each other as a continuous crystal structure. This is the case of SiC and GaN
introducing the need for the AlN nucleation layer. There are however other sub-
strate solutions that mitigate this effect but SiC is at the moment the most common
alternative for high performance components [15]. However, the GaN layer is even
though the presence of the nucleation layer of rather poor quality. To improve the
GaN quality a thicker layer is required to reduce the defect density in the crystal.
Unfortunately, the MOCVD process introduces impurities during fabrication and
makes the GaN more conducting. To counteract this the layer is Fe doped to make
it more restive in order to decrease leakage currents.

The AlGaN/GaN interface creates a heterojunction and due to differences in po-
larization in the material a two dimensional electron gas is formed the 2DEG. This
creates a high density of electrons which can be used to conduct current in the device
by applying a voltage over Drain and Source in figure 3.1. These contacts are ohmic
since they are intended for conducting current through the device in contrast to the
gate that is metal placed directly on the AlGaN creating a Schottky barrier. The
gate is then used to control the amount of carriers in the 2DEG, and by applying a
negative voltage on the gate it is possible to reduce the amount of charge carriers
and thus decrease the current [5].

The trap electron states introduced by Fe doping during operation creates a charge
in the buffer and acts as a backgate by decreasing the amount of available carriers
and thus decreases the current and gain. The traps are typically filled when a
high electric field is applied such as when the device is being used for high power
applications [14]. The electron states are therefore relevant in the context of memory
effects especially in the case of switching between high and low power applications
where the higher power levels have been shown to correspond to a higher degree of
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3. GaN Technology

distortion [14].

Figure 3.1: A general not to scale schematic over a typical GaN based HEMT and
the different contacts and layers that comprise the device.

3.3 MMIC
To use GaN HEMTs in a multi function system the Monolithic microwave inte-
grated circuit (MMIC) technology has been identified as a suitable technique for use
in designing front ends in multi function systems such as AESA [3]. By utilizing
MMIC it is possible to construct entire components such as an amplifier directly
on a chip [16]. The concept is to integrate and fabricate both active and passive
components on the same wafer. Having the entire device integrated on the wafer has
proven to have several advantages including smaller size and fabrication of larger
amounts of components [12].

The great advantage of using just GaN based MMIC solutions is that GaN is suitable
not only for HPA but also for Low noise amplifiers (LNA). The implication of this is
that not only the transmitter but also the receiver can be manufactured on the same
chip [16]. Thus it is possible to construct transmitter/receiver modules meaning that
in practice most of the transmitter/receiver chain as seen in figure 2.1 can be realized
on a single chip [16]. This is ideal for AESA systems since it allows for the fabrication
of large amounts of these modules at a lower price. To balance performance and
economical viability the choice and quality on the wafer or the substrate to allow
for ease in manufacturing but also thermal properties. Presently there are several
companies that develop or supply substrates, apply epi layer, or perform MMIC for
example II-VI supplies SiC substrate or UMS MMIC foundry. The interest in GaN
in MMIC is large and the continual improvement in both manufacturing processes
and material is of importance to further develop the technology used in the AESA
front ends marking the significance of these solutions.
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4
Test-bench for multi functional

sensors

Evaluating the impact of memory effects at the switching instance for two waveforms
poses several challenges both in terms of providing a controlled switching between
waveforms as well as time the recording of data. To achieve this requires a measure-
ment routine to enable a higher degree of control by automating the different tasks
needed to perform the measurements.

4.1 Requirements
The main feature is to enable investigation of the impact memory effect due to
previous waveforms. Thus the following criteria were deemed necessary to enable
the output, controlled change of waveforms, and to record the effects.

• All the instruments needs to support remote control.
• Providing pulses

– Be able to output modulated RF-pulses with carrier frequencies in the
GHz.

– Generation and upload of arbitrary waveforms.
• Well defined and controlled switching between waveforms marked by trigger

signals.
• System must be able to operate with a signal amplitude range of minimum

10dB.
• Record system output signal with sufficient sampling rate to avoid aliasing.
• Reliable HPA biasing.
• Well defined and flexible gate pulsing
• Securely bias the device in order reduce the risk of damaging it.

4.2 Measurement setup overview
To illustrate the main function, a general chart of the test-bench in figure 4.1,
followed by a more descriptive explanation of the different parts. For processing
results as well as controlling the measurements the programming language Python
version 3.7.2 was used, there are other alternatives but it was deemed an open source
and platform independent programming language was desirable.
The central component in the test bench was the Arbitrary waveform generator
(AWG). In the setup, an M8190A AWG was equipped with a 8 Gsample sampling
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rate and a 12 bit resolution [17] which allowed for RF modulated pulses. An advan-
tage with the choice of AWG is that it has two independent channels. Channel 1
is used for RF pulses while channel 2 was used for gate pulsing and with the sync
marker were used to trigger other instruments in the setup. The measurement also
began with generating and uploading the waveform as can be seen in figure 4.2.
However, the AWG has a limited output power and for this reason, a lab amplifier
BZ3-0218-552227-202525 which has a well defined and stable gain is used in order
to achieve sufficient input power levels into the HPA. To bias the device, two power
supply units are used and to control the gate bias of the HPA a TI control circuit
were used.

The output from the HPA was then attenuated to safe power levels to be recorded
by the oscilloscope, an RTO1044. To avoid aliasing it is important that the Nyquist
criteria is fulfilled which are taken into consideration with the RTO1044 sampling
rate of 10 Gsample/s. Using one channel to record the HPA output signal and
another channel for the current measurement of the drain current using a current
probe. A sync marker from the AWG at the switching moment was used to trigger
the oscilloscope to begin recording the initial pulses. In order to phase lock the
AWG and the oscilloscope, a 10MHz reference output from the oscilloscope is used.
To further illustrate this, the main actions performed during the measurement is
visualized in figure 4.2.

Figure 4.1: A conceptual circuit over the intended measurement setup
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Figure 4.2: The measurement flow is a sequence of actions that consists of con-
figuring and enabling the system before pulse generation and recording of system
output.

4.3 Waveform sequencing
The essential part of the thesis is the study of the behavior of the resulting output
from the HPA immediately after a change of waveform and wait for steady state
before performing another measurement. This in order to compare the different
measurements. Therefore it is desirable to be able to change most properties of
waveform 2, for example, different frequency and amplitude. This requires a sys-
tem capable of providing a consistent waveform 1 and then changing to waveform 2
while being able to register this change in order to reliably record the first pulse of
waveform 2. This is done using the M8190A arbitrary waveform generator and its se-
quencing capabilities. By creating the desired waveforms first in python and upload
these along with the desired configurations into the AWGs memory. Thereafter it is
as illustrated in figure 4.3 possible to program the appropriate function of the AWG.
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As it is the memory effects on waveform 2 that is of most interest, the measure-
ment should begin with the switch from waveform 1 to 2. This is accomplished by
configuring the setup to wait for a trigger before recording output. This method is
valid for most waveforms and scenarios but as the thesis will focus on pulsed RF the
waveform generated will reflect that. Thus the waveform 1 and 2 will be variations
of pulsed RF, a pulse with a carrier frequency imposed upon it.

Figure 4.3: A flowchart over the content of the sequence in the AWG. The sync
marker is connected to the Oscilloscope and triggers the measurement. The advance
command is being output by the measurement routine at a desired time.
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4.4 Bias control
The bias voltage was supplied by two power supplies a Hameg HMP4040 and a TTi
CPX400DP. The TTi was used for biasing the lab PA located between the AWG
and the HPA with 15 V and 580 mA needed for operation [18]. It also provided the
drain voltage for the HPA. The Hameg was used to bias the control circuit with the
necessary voltages 5 V, −5 V, and 3.3 V. Due to the operation of GaN PAs it is im-
portant that the device is properly biased as it is a normally on device [19]. For this
reason, a safety mechanism was implemented in the measurement code that checks
the output status of the Hameg before enabling the drain voltage when starting up
the test bench. Similar at the end of a measurement the biasing from the Hameg is
not turned off until it has been verified that the drain voltage is off.

To provide gate pulsing the AWG has two independent channels and the second is
used to pulse the control circuit of the HPA which consists of a Texas instruments
LMP92066 DAC that controls the gate bias. This enables the device to be biased
with a sufficient negative voltage to ensure that the GaN HPA that is normally al-
ways on is in fact off unless the control circuit is pulsed. This was done by defining
a matching sequence to the one used for RF pulses but without the carrier.

By pulsing the gate slightly before and slightly longer than the pulsed RF itself the
gate was open when needed but is not left always open this is seen in figure 4.4.
However, the method for controlling the gate pulsing enables freedom in controlling
the timing between gate and RF pulses due to the AWG versatility. Thus figure 4.4
is only a possible configuration as the gate pulse can be configured to be enabled
at a specified time before the RF pulse. This also enables the study of enabling the
RF before gate investigating the effects of timing between RF and gate pulsing.
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Figure 4.4: Example of the gate pulsing and RF pulsing when the gate is enabled
before, during and after the RF pulse
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4.5 Recording output
The previous sections have explained how the test bench is constructed in order to
enable the generation of waveforms and function of the HPA. However, in order to
be able to analyze the resulting signal, there is the need for recording and saving
the information. To facilitate this the oscilloscope RTO1044 was chosen based on
the sampling frequency of 10 GSample/s, the bandwidth of 4 GHz and possibility
of programming [20]. The RTO1044 is able to record 100 MSample which with the
sampling frequency corresponds to 10ms of pulses for the used sampling frequency.
Important to note is the implication of wide bandwidth for measuring enables the
study of the range of applications which can be of interest in the case of multi func-
tion sensors. Unfortunately, it also results in higher levels of thermal noise. This
becomes an issue as the oscilloscope needs to operate over a wide amplitude range
which is utilised in order to measure scenarios where the difference in amplitude
between waveform 1 and 2 might be over 10dB depending on measurement scenario.
The issue of SNR becomes more relevant for the lower amplitude and it is important
to be aware of the trade off that arises from using a wide range of amplitude and
SNR for the lower amplitude cases.

There are two different sorts of measurements that are to be carried out by the
RTO1044 that requires changes in settings. The first being the reference measure-
ments conducted before and several minutes after the change of waveform. In this
measurement, the need to know exactly the pulse number of the reference pulses is
not as important as having the waveform in a steady state. Thus the recording of
these reference pulses can simply be started by triggering on the pulses themselves.
The reference pulses of waveform 1 are recorded after 10 minutes of operation fol-
lowed by reference measurement followed by waveform 2 that is recorded 10 minutes
after the change from waveform 1 to 2.
Recording the initial pulses after the waveform changes however, requires more pre-
cision and is therefore started using a trigger signal which is sent out 2.5 µs before
the change of waveform in order to start the measurement. The start of the reference
measurements however does not require more timing than that provided by a timer
in measurement code. This measurement can thus be triggered by the positive slope
of the signal itself and thereafter record 10 ms of data. After measurement, the data
is downloaded from the oscilloscope onto the PC to be processed.
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5
Modelling

In order to investigate the impact of memory effects, it is desirable to compare the
reference measurements conducted before and after with the initial pulses immedi-
ately following the change of waveform. To enable such a comparison the measure-
ment data were used to fit a model deemed representative of the behavior of the
HPAs based on previous research [8].

5.1 Modelling of results
Modeling the data from the measurements were done in order to extract data with
the intention to quantify differences in the behavior in HPA due to memory effects
or change of transients due to waveform choice. To enable this the HPA behavior
is described as a sum of exponential terms [8]. For this thesis, the model used was
based on three exponentials.

f(t) = C1e
−t
τ1 + (1 − C2e

−t
τ2 ) + C3e

−t
τ3 (5.1)

In order to facilitate the model fitting, some manual adjustments were necessary
to take the variation in power level between waveform 1, intended to be of higher
power level, and waveform 2 intended to be of lower power level into consideration.
The adjustments consisted of applying an offset that would correspond to the offset
in power level between the two in order to enable a comparison of the fitted param-
eters. Furthermore to achieve the optimal model fitting the least square algorithm
for nonlinear functions implemented in MATLABs lsqnonlin function was used.

As seen in the figure 5.1 different exponentials were used to model the HPA out-
put. The first term describes the initial fast high amplitude transient in the first
microseconds of the pulse. Followed by an upwards trend and a relatively slower
low amplitude transient. To facilitate a fit as shown in the figure 5.1 an estimation
based on the equation (5.1) followed by a numeric optimization using a nonlinear
least-squares data fitting to find the parameters corresponding to the best fit.
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Figure 5.1: Example of measurement data along with fitting. Notice the highlight
of the exponential curves used to model transients.
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6
Measurement results

The characterization of a device is an important step in verifying intended perfor-
mance, models and provide information for potential further development. For this
reason, the previously described test-bench in chapter 4 is used to characterize two
HPAs with respect to memory effects. The amplifiers are provided by Saab and are
of the same model but two different versions, one older and one more recent version
hereafter referred to as HPA A and HPA B. The reason for including two amplifiers
is that it provides more statistics to base conclusions on. They should have compa-
rable performance and only minor differences should be present. Therefore if large
differences are observed, this would be relevant information for further development.

In order to characterize the amplifiers, three test cases have been chosen that rep-
resent different transitions between waveforms that would be representative for in-
tended use cases. The first test evaluates the impact of operating the amplifiers in
the nonlinear gain region before switching to a linear mode of operation for pulsed
RF. The second test is similar to the first but introduces flexibility in setting the
timing mismatch between gate pulse and RF pulse. The third scenario evaluates
how the nonlinear drive level impacts a linear mode of operation for a continuous
wave (CW) stimuli rather than a pulsed operating mode.

6.1 Test case 1
Ideally, an amplifier should have a linear behavior with a gain that is constant
regardless of input power as seen in the ideal case in figure 6.1. However, in reality,
the amplifier is only able to provide a constant gain up to a certain point thereafter
the gain starts to saturate, the amplifier is starting to experience compression as
illustrated by the dashed line in figure 6.1. In order to indicate the amount of
compression, it is possible to use for example the 1dB compression point which
indicates the point where the gain is 1dB below the ideal level illustrated with the
red arrows. The first test case is to investigate the impact of operating the HPAs
in different nonlinear regimes corresponding to 1 and 5dB compression points and
switching to an input drive power level in the linear regime. The settings for the
measurements below are described in table 6.1 and include the pulse repetition
interval (PRI), duty cycle, and the gate pulse is applied 2.5 µs before RF pulse.
The delay between the gate and RF pulse is to make sure that the gate is opened
before the RF is applied, which has been verified using an oscilloscope.
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The reason for this measurement case is to determine the impact of memory effects
on the initial pulses for linear operation mode due to the higher drive input power
in a previous non linear operation mode. The scenario is illustrated in figure 6.2 and
includes the three separate measurements that are performed. First after achieving
steady state and conduct a reference measurement of the non linear operation mode
in thermal equilibrium. The second is a measurement in the moment of switching be-
tween non linear and linear. The third is a reference measurement of the linear mode
in thermal equilibrium. By performing the two reference measurements it is possible
to compare the initial pulses in linear operation mode and conclude the impact of
memory effects since the reference measurements should be stable while the initial
pulses could be impaired due to memory effects. In the case of no memory effects,
the initial pulses should be the same as the non linear reference measurement. In or-
der to reduce the impact of noise the displayed graphs will be the average of 5 pulses.

Figure 6.1: Illustration of the effect of saturation in a amplifier. Note that the
illustration is not to scale.

Table 6.1: Settings used to investigate the impact of compression.

Operation mode PRI (ms) Duty cycle (%)
Non linear 2 10
Lineear 2 10

22



6. Measurement results

Figure 6.2: Illustration of measurement scenario, not to scale and blue dots used to
illustrate that there are 10 minutes between the measurements. The first waveform
is high power and operated in non linear amplification regime while second waveform
is comparatively low power in linear regime.
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The results from the non linear operating mode reference measurement are seen in
figure 6.3 and illustrate the average of five pulses. Thus it can be seen that the initial
transient is a fast, decreasing transient. This initial transient is prominent for the
first 20µs of the pulse. After the initial decreasing transient an increasing transient
starts and is dominant for another 20 µs and is followed by a slower decreasing
transient for the remainder of the pulse.
There are some differences between the different input drive levels as can be seen
that the initial transient has a higher amplitude for the 5dB compression compared
to 1dB. Furthermore, the two versions of the amplifier coincide quite well with some
exceptions such as the HPA B seem to experience a more prominent second tran-
sient. The third transient for HPA B also has a higher amplitude resulting in a
larger decrease in power during the later part of the pulse

The response can be modeled by exponential transients as mentioned in chapter 5
with the index indicating which of the three transients the parameter is represent-
ing. As such the models for the different test cases are plotted in the respective
graph and follow the same trend as the measurement data. As such the model pa-
rameters for the fit are included in table 6.2 for HPA A and table 6.3 for HPA B.
The parameter C1 is larger than C2 which in turn is larger than C3 which corre-
sponds with the observed behavior in the graphs. Similarly, the time constants τ1,
τ2, and τ3 corresponds to increasingly slower transient which also coincides with the
observed trend in the graphs. The C1 and C2 parameters also increase in terms of
increasing non linear drive levels. The fitted model parameters for the two ampli-
fiers agree with each other with the main difference being the 3dB compression point
measurement for the HPA B which differs from the corresponding measurements for
HPA A with a factor 2 which could indicate a small difference between the amplifier.

Table 6.2: The resulting parameters are from the model fitting to the non linear
high power operation mode reference measurement for HPA A for three compression
points

Non linear operation reference measurement, HPA A
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.291 8.083 0.175 18.58 0.073 77.02
3dB 0.422 8.264 0.205 20.86 0.076 88.74
5dB 0.522 9.051 0.290 18.08 0.119 83.93
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Table 6.3: The resulting parameters are from the model fitting to the non linear
high power operation mode reference measurement for HPA B for three compression
points

Non linear operation reference measurement, HPA B
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.288 6.665 0.193 13.32 0.130 113.8
3dB 0.450 9.066 0.260 15.17 0.124 370.0
5dB 0.484 7.402 0.284 11.48 0.117 133.4

(a)

(b)

Figure 6.3: Non linear operating mode for two different compression points 1 and
5dB for two different version of a HPA. HPA A (left) and HPA B (right).
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The initial pulses illustrated in figure 6.4 are measured at the switching between
non linear operating mode and linear. Comparing this measurement of initial pulses
for figure 6.4 with the previous non linear operating mode in figure 6.3 shows some
differences. The first but also the second transient is not as prominent but follow
the same trend of the first, second, and third transient. The previously observed
difference between HPA A and HPA B with a higher decrease of gain towards the
end of the pulse is present also for the linear operating mode.

Furthermore, the fitted model with the extracted parameters displayed in table 6.4
and table 6.5 for HPA A and B respectively. The different transient are comparable
to that of the reference measurement for non linear operating mode in tables 6.2 and
6.3 in terms of how the different parameters compare in magnitude to each other.
C1 > C2 > C3 and τ1 < τ2 < τ3 for both operating mode. While simultaneously
displaying a similar increase in C1 and C2 as the input drive power levels increase.

(a)

(b)

Figure 6.4: Linear operation mode for the initial pulses at the switch non linear
and linear for three different compression points 1,3 and 5dB for two different version
of a HPA. HPA A (left) and HPA B (right).
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Table 6.4: The resulting parameters from the model fitting to the measurement
data from HPA A for linear operating mode, initial pulses

Linear operating mode measurement, initial pulses
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.482 8.041 0.274 12.50 0.185 239.2
3dB 0.523 7.250 0.290 10.84 0.164 173.2
5dB 0.638 7.457 0.385 10.42 0.155 155.5

Table 6.5: The resulting parameters from the model fitting to the measurement
data from HPA B for linear operating mode, initial pulses.

Linear operating mode measurement, initial pulses
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.445 6.662 0.261 11.16 0.146 147.9
3dB 0.471 9.734 0.306 13.02 0.136 215.8
5dB 0.514 6.891 0.355 9.167 0.125 131.6
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Since the linear operating mode reference measurements have the same input power
for all measurements and are expected to be in steady state the results could be
expected to be similar. This is also the case as linear operating mode reference mea-
surement as illustrated in figure 6.5 appears with power levels similar to each other.
Thus it does not appear to be any power level offset between the compression point
measurements for the respective amplifier for the linear reference measurement. The
previous measurement for initial pulses in the linear operation mode seen in figure
6.4 however displayed an offset in power level. However, there is one minor difference
between HPA A and B which is the reduced second transient for HPA B.

The fitted model parameters for the linear operating mode reference measurements
seen in figure 6.6 for HPA A and figure 6.7 for HPA B also indicate that for refer-
ence measurements, the fitted coefficients are reduced compared to the previously
fitted parameters for initial pulses for the linear operating mode. Thus for the linear
operating reference measurement the C1 parameter has been reduce by a factor of
2 and the C2 parameter has also seen a similar decrease in comparison to corre-
sponding model parameters in table 6.4 and table 6.5. However, the C3 parameter
remains quite similar to the initial measurements for the linear case. Furthermore,
the parameters also indicate that for the linear reference measurements the fitted
parameters in table 6.6 and table 6.7 are quite similar for the two amplifiers. For
example in the previous measurement of initial pulses for linear operating mode
there was a increase C1 and C2 due to previous input drive power levels as seen in
table 6.4 and table 6.5. However, in the case of the linear reference measurement,
this increase due to previous input is not discernible any longer as seen in table 6.6
and table 6.7. This would be consistent with a memory effect that is present for
the initial pulses but as the amplifiers achieve steady state the effects are no longer
present. Note however that the HPA B sees a dramatic decrease in C2 which coin-
cides with the observed smaller second transient even though the fitted parameter
indicates a much larger decrease than visually indicated.
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(a)

(b)

Figure 6.5: Linear operation mode reference measurement 10 min after switch for
two different compression points 1 and 5dB for HPA A and B.
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Table 6.6: The resulting parameters from the model fitting to the measurement
data from HPA A for linear operating mode, reference measurement.

Linear operating mode measurement, reference measurement
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.276 6.495 0.185 10.01 0.214 338.7
3dB 0.293 7.023 0.223 11.75 0.175 182.1
5dB 0.264 6.132 0.172 10.59 0.172 226.0

Table 6.7: The resulting parameters from the model fitting to the measurement
data from HPA B for linear operating mode, reference measurement.

Linear operating mode measurement, reference measurement
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.183 4.437 0.037 24.8 0.141 172.3
3dB 0.234 3.629 0.022 26.2 0.125 147.4
5dB 0.305 2.713 0.003 19.4 0.082 159.7
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6.2 Test case 2
This measurement case is indented to investigate the effects on memory effects and
HPA performance by introducing a delay between the gate and RF pulse which is of
relevance for system design in terms of timing. The measurement procedure itself
is identical to the one performed while investigating the impact of switching from
compression to a lower amplitude waveform and settings are displayed in table 6.8.
The main difference between the previous measurement case is illustrated in figure
6.6 that instead of applying a gate pulse 2.5µs before the RF pulse the gate pulse
is delayed to 2µs after RF pulse is applied at the amplifier input.

Table 6.8: Settings used to investigate the impact of gate and RF pulsing time
mismatch.

Operation mode PRI (ms) Duty cycle (%)
Non linear 2 10
Linear 2 10
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(a)

(b)

Figure 6.6: The gate and RF pulse mismatch, note that RF pulse is applied before
gate pulse, note that illustration is not to scale.

The non linear mode reference measurements seen in figure 6.7 show that the initial
transient has a significantly larger impact compared to the corresponding measure-
ment in test case 1 where RF pulses were applied after gate pulse. The second and
third transient does not visually appear to differ. However, comparing the HPA A
and B show that there are some differences, for example the HPA B, 1dB compres-
sion does not, however, appear to have a noticeable third transient.
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The fitted model parameters for the non linear reference measurement in table 6.11
for HPA A and 6.12 for HPA B indicate that the initial transient has the high-
est amplitude and fastest time constant. However, the difference between them is
more significant as especially the C1 parameter is much larger compare to the other
constants. Furthermore, a similar trend with increasing C1 and C2 constants with
increased input drive power level is present. The HPA B indicates slightly higher
values than HPA A but the two amplifiers perform similarly in terms of fitted pa-
rameters.

(a)

(b)

Figure 6.7: Non linear operation mode measurement for two compression points 1
and 5dB for HPA A (left) and HPA B (right).
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Table 6.9: The resulting parameters are from the model fitting to the non linear
high power operation mode reference measurement for HPA A, mismatched pulsing,
for three compression points.

Non linear operation reference measurement HPA A
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.365 7.51 0.135 21.18 0.086 94.21
3dB 0.414 7.30 0.153 20.28 0.090 89.04
5dB 0.555 7.52 0.250 13.10 0.198 291.07

Table 6.10: The resulting parameters are from the model fitting to the non linear
high power operation mode reference measurement for HPA B, mismatched pulsing,
for three compression points.

Non linear operation reference measurement HPA B
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.503 13.04 0.256 25.9 0.025 225.3
3dB 0.846 8.46 0.182 19.4 0.086 94.5
5dB 0.872 8.72 0.234 14.3 0.162 390.3
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The initial measurement of linear operating mode in figure 6.8 also indicate the
same behaviour as seen in the reference measurement for the non linear with more
significant C1 and C2. The fitted model parameters in in table 6.11 and table 6.12
for HPA B and A also indicate an increase in C1 and C2 compared to corresponding
measurement in test case 1, table 6.4 and table 6.5. Furthermore the model param-
eters in the mismatched gate and RF pulse also shows a similar increase of transient
C1 and C2 with increased input drive power levels as previously seen.

(a)

(b)

Figure 6.8: Linear operation mode initial measurement , HPA A (left) and HPA
B (right).
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Table 6.11: The resulting parameters from the model fitting to the measurement
data from HPA A for linear operating mode, initial pulses for mismatched pulsing.

Linear operating mode measurement initial pulses HPA A
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.926 8.52 0.317 14.9 0.142 177.5
3dB 0.910 8.60 0.336 15.3 0.143 110.2
5dB 0.995 8.58 0.369 14.9 0.145 102.8

Table 6.12: The resulting parameters from the model fitting to the measurement
data from HPA A for linear operating mode, initial pulses for mismatched pulsing.

Linear operating mode measurement initial pulses HPA B
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.523 10.8 0.197 51.22 0.225 120.2
3dB 0.855 5.286 0.238 64.05 0.355 90.55
5dB 0.892 6.84 0.279 8.900 0.166 220.3

The linear operating mode reference measurement for the mismatched gate pulse
case visible shows a stronger impact of the first and second transient. This is seen
when compared to the corresponding linear operating mode reference measurement
in the previous case. Furthermore, the parameters in table 6.13 and table 6.14 for
HPA A and B which both shows a sharp decline in amplitude compared to the initial
linear operating mode measurement and the values for the initial transient as seen
in table 6.11 and table 6.12 for HPA A and B. The decrease of the C2 parameter
shows only a small amount of decrease. Especially compared to the corresponding
linear operating mode measurement in the previous case where the decrease in C2
was significant. However, the third transient shows no significant change for either
of the amplifiers.
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Table 6.13: The resulting parameters from the model fitting to the measurement
data from HPA A for linear operating mode, reference measurement, mismatched
pulse case.

Linear operating mode reference measurement HPA A
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.463 9.30 0.315 13.7 0.129 140.1
3dB 0.445 8.95 0.315 13.9 0.140 125.0
5dB 0.458 9.66 0.334 15.3 0.146 98.28

Table 6.14: The resulting parameters from the model fitting to the measurement
data from HPA B for linear operating mode, reference measurement.

Linear operating mode reference measurement, HPA B
Parameters C1 τ1(µs) C2 τ2(µs) C3 τ3(µs)
1dB 0.205 10.31 0.155 43.39 0.194 99.21
3dB 0.339 8.522 0.236 12.01 0.150 140.4
5dB 0.337 6.787 0.217 9.025 0.153 160.6
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(a)

(b)

Figure 6.9: Linear operation mode reference measurement, 10 min after switch
from non linear , HPA A (left) and HPA B (right).
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6.3 Test case 3
The third test case involves switching from pulsed operation in non linear regime, to
a long waveform with a lower drive input power in the linear regime of the amplifiers.
In terms of multi function sensors, this could be relevant when for example switching
from radar to a communication system. Unlike the previous measurement scenario,
the continuous wave starts the moment the last pulse in the non linear operating
mode ends with the linear operating mode starting immediately as seen in figure
6.10. For the linear operating condition a 6 ms long pulse in order to enable the
investigation of long term recovery of the HPA. There have been previous studies in-
dicating a longer recovery time after stressing a device with a significant high power
pulse driving the device in deep compression [14]. This test however is focused on
slightly lower input power levels such as the 1dB to 5dB compression points, linear
operating mode. The most significant difference is that the HPA is operating in
non linear mode for a longer time, achieving steady state before switching to linear
operating mode.

Furthermore, this measurement takes the behavior of the amplifiers over 6.2 ms into
account and will also include the measured current to provide additional information
on the performance over this time. For the pulse, the same settings are detailed
in 6.15 and for the nonlinear power levels corresponding to 1dB, 3dB and 5dB
compression with the gate pulsing being applied before RF. Therefore the waveform
1 is identical to that of the measurement case with the gate pulse applied before
RF.

Table 6.15: Settings used in the pulsed to continuous wave measurement.

Operation mode PRI (ms) Duty cycle (%)
Non linear 2 10
Linear 6 100
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Figure 6.10: Illustration of measurement scenario, not to scale. The non linear
operating mode is pulsed and high power and is switched to linear operating mode
and a long pulse illustrated by a 6ms trailing RF modulated pulse.
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From figure 6.11 containing the measurements results for the three cases of HPA
with different drive input power levels and then switching to a CW case. For the
previous amplifier version to the left, the main discernable differences are that it ap-
pears that for the higher input power the result is a deeper dip in amplification and
then an upward trend, increase in gain. The 3dB and 5dB measurements show that
in both cases converge after time with each other while the 1dB compression point is
subject to an offset for both versions of the amplifier. However, as the measurements
are performed in succession with a cool down period so a small change between the
results for the different compression point measurements could be possible such as
the case of HPA B. Thus the significant offset seen for HPA A is surprising and it
has also been possible to replicate this behavior at separate occasions. Furthermore,
for both the 5dB measurements for the amplifiers there is a noticeable dip in gain
directly at the switch between non linear operating mode and linear. This is more
clearly seen in the magnified graphs in the lower part of figure 6.11. For the 3dB
case, a very slight dip is also present but not as significant.
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(a)

(b)

Figure 6.11: The measured switch between pulsed RF and CW with the measure-
ment starting with the last pulse and then CW for two versions of an amplifier. The
more recent version to the right and the older version to the left. The bottom half
provides a zoomed in version to the above measurements.
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The current measurement as seen in figure 6.12 shows a decrease of current during
switching followed by an increase to up until the time 700 µs when an oscillating
motion occurs as the current consumption start to converge at about 1200 µs. Dur-
ing this period it appears that the 1dB case requires more current compared to 3 and
5dB. Furthermore, the figure differs slightly in that the more recent amplifier con-
sumes more current but otherwise rather similar. Unlike the case regarding power.
Note that the power in HPA A and B for the initial 1 ms shows different character-
istics especially in regard to that the current does not seem to differ significantly.
There are some differences such as the amount of current during the CW.

(a)

(b)

Figure 6.12: The measured current during switch from pulsed to CW. Note that
the below graphs are zoomed in around the waveform switch.
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6. Measurement results
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7
Conclusion

To enable characterization of memory effects in the intended HPAs required the de-
signing and implementation of a sufficiently advanced test bench able to perform the
change in applications and perform the measurement. The resulting test bench has
proven useful for characterizing transients in HPAs and switching between different
operation modes with waveform sequencing also proved successful.

The measurements conducted and presented included investigation of the impact of
switching from a high amplitude waveform being operated in non linear and switch-
ing to linear operating mode. By comparing the measurement of the initial pulses of
linear operation with the reference measurement for non linear and linear operation
indicates an increase in the amplitude of the first and second transients as the input
power in non linear mode. As time progressed the reference measurement for the
linear operation did not show the same dependence, thus the effect from the previous
waveform was noticeable only for the initial pulses, which is consistent with memory
effects. This was also seen in the model for the C2 and C1 parameters. The third
transient did not appear affected by the previous input which implies that the main
effects of memory effects, in this case, are most significant during the first part of
the pulse which was indicated in both devices.

By performing the same experiment but changing the timing of the gate pulsing
to occur not before but after the RF pulse to investigate the effect of timing and
other effects present at the enabling of the device. Similar behavior with increased
transient one and two in terms of amplitude due to increased input drive power.
However, the first and second transient was more significant also at thermal equi-
librium for the linear reference measurement. This was the case for both HPA A
and B and this indicates a more significant presence of these two transient overall
in the case of changing the timing between gate and RF pulses. Thus illustrating
the need to consider the timing as applying the RF pulse after the gate pulse had a
significant effect.
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7. Conclusion

The third case investigating the scenario of switching from pulsed to continuous
wave indicated a 1-2 ms process for the 3 and 5dB compression point to converge
to similar values while 1dB did not converge during the investigated time span of
6ms. The current measurement for the continuous waveform also indicated a po-
tential discrepancy in that the current in HPA A did not align with the output as
the HPA B. However this indicates that the recovery time and presence of mem-
ory effects also in the CW case increase with increased power in the previous non
linear operating mode. Furthermore that the effects are prominent during several
microseconds which is important to be aware of if the amplifier is intended to be
used for applications requiring a time invariant gain.

The results of this thesis provide insights into the impact of memory effects on these
two amplifier versions which are not only useful for understanding the operation
of the device in order to improve upon a design or make changes in fabrication.
The presented information is also useful for the system designers that work with
AESA multi function sensors. In this respect, the thesis has provided insight and
contributed to the process of further develop GaN MMIC based HPAs for use in
multi function sensor systems by characterizing memory effects.
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8
Future work

The work presented in this thesis could be expanded to include more measurements
on several amplifiers of the same model and version to acquire statistics about the
effect of memory effects on the average HPA. Both to verify the models but also to
investigate the potential spread and variation of these effects over several devices.
This could also be extended to include characterization of other models of amplifiers
than the particular one used during this thesis. Furthermore, since the memory ef-
fects in this thesis were studied in terms of initial pulses of the linear operating mode
being compared with two reference measurements but it would also be of interest to
further study the initial pulses in order to determine if there are significant changes
between the different initial pulses. For example how the first pulse in the linear
case compares with the second, third, or tenth pulse after the switch from non linear
operating mode.

Due to the significant impact caused by the timing mismatch between gate and
RF pulses, it would be of interest to conduct a more rigorous investigation into
the effects of the gate and RF mismatch. Especially to determine if the impact on
transients are further lessened the longer the gate is enabled or if the impact of these
transient are decreased when the gate is enabled a few ns before RF is applied. It
could also be of interest to perform these measurements on the device on a thermal
chuck in order to test the device in a more thermally controlled environment to
investigate the effect of temperature on memory effect. This could also be combined
with attempting to develop methods for determining the temperature of the HPAs.
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8. Future work

48



9
Environmental and ethical aspects

The use of multi function sensor systems with GaN MMIC technology has the po-
tential to reduce power consumption as well as decrease the amount of hardware
required if one system can perform several tasks. This could potentially have a
positive environmental impact in terms of reducing the required resources to realize
these systems. All technology, multi function sensors not being an exception can
potentially be used for military applications, especially since Saab is a company
active within the defense industry. This does not however pose an inherent ethical
dilemma but engineers active in this field should be aware of this.
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