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Compensation of Thermal Effects by Dynamic Bias in Low Noise Amplifiers
JOHAN BREMER
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

There is an increasing need to understand how thermal effects affect the performance
of amplifiers in radar systems. Increased chip power densities are to be expected
as the integration of multiple transceivers in SiGe/BiCMOS and in GaN, increases.
This will increase the electrical as well as thermal coupling between the transceivers,
and the increased temperature is likely to impair the performance of amplifiers.
Dynamic bias techniques are used today to increase the efficiency of transmitters.
Therefore, it is important to investigate if these techniques can be used also to
compensate for thermal effects which affect the elements in a multi transceiver chip.
This thesis deals with the development of a GaN based temperature sensor as well as
a study of the heat propagation properties in GaN on SiC structures. Furthermore,
a study of thermal effects in low noise amplifiers has been carried out, and the use of
dynamic bias to compensate for thermal performance deterioration, as well as other
features, is demonstrated.

A mesa resistor sensor and Schottky diode sensor were designed and evaluated.
It was shown that a 15 µm mesa resistor works well as a temperature sensor when
biased at an appropriate point. Models for predicting the temperature were devel-
oped based on measurements and a calibration method is proposed. It was shown
that heat pulses can be detected by the sensors. A sensor area was designed and
used to study heat propagation versus distance and temperature. A model describ-
ing the response of the sensor was proposed and evaluated. The model was used to
study how heat is coupled to the sensor in the GaN and SiC layers. The thermal
conductivity was seen to increase significantly in the GaN and SiC layers at lower
temperatures. The layer time constants and propagation delay were observed to
increase with temperature and distance. Light sources were also observed to impact
the sensor current response.

It was determined by measurements that thermal effects in general degrades the
performance of three evaluated low noise amplifiers, and that dynamic bias control
techniques can be used to cancel these effects for certain parameters. Increased
power consumption levels was observed when applying dynamic bias control. In
addition, it was demonstrated how dynamic bias can be used to eliminate gain
recovery effects after high power pulses. Lastly, suggestions for different modes of
operation, where dynamic bias is utilized differently, are presented.

Keywords: GaN, LNA, dynamic bias, temperature sensor, thermal effects, thermal
degradation, heat transfer, heat coupling, mesa, Schottky diode, modeling.
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1
Introduction

Future highly integrated active antenna systems for sensors as well as communica-
tion systems will have more densely packed transceiver front-ends, with multiple
transceivers on a single chip. This will increase the electrical as well as thermal
coupling between the different functional blocks, such as power amplifiers and low
noise amplifiers. The operating temperature of an amplifier is directly related to
the electron mobility, and hence the current through the transistor. An increase in
operating temperature will therefore directly impair the performance of the ampli-
fier. Future systems will also have an increased demand for flexible operation. The
communication industry demands flexible control of amplifiers to ensure maximum
efficiency and linearity when operating with complex modulation signals. In radar
applications, different operation scenarios demands adaptive control of receivers/-
transmitters in order to maintain/enhance performance of the radar.

1.1 Thermal Challenges in GaN/SiGe BiCMOS

In the communication and radar industry, the development moves towards Multiple
Input Multiple Output (MIMO) systems which includes multiple antennas for the
transceiver front-ends. These MIMO systems provide spatial diversity and beam
steering capabilities for the communication system and the performance increases
with an increasing number of antennas. In [1] it is stated that Active Electron-
ically Steerable Antennas (AESA) are becoming increasingly standard in modern
radar systems, as the operational benefits exceed the extra complexity and costs of
hardware and software. It is also concluded that the transition from GaAs to a com-
bination of GaN/SiGe BiCMOS brings a reduction of the chip surface with a factor
beyond 5:1. In [2] a 28 GHz 32-Element phased array transceiver IC is implemented
in a SiGe BiCMOS process. The system consist of 32 transceivers taking 3 GHz IF
inputs to 28 GHz RF output. The chip occupies an area of 165.9 mm2. In the paper
it is stated that high output power comes at the cost of power consumption, cooling
complexity and increased size.

Another example of a MIMO system is presented in [3] where 64- and 256-
elements wafer-scale phased-array transmitters at 60 GHz in SiGe is presented. The
chip consists of a mm-wave transceiver and phased array unit elements which feed
on-chip dipole antennas. These blocks as well as RF distribution networks and
digital control modules (in BiCMOS technology) are integrated on a single silicon
chip. The area for the 64 and 256 element versions is 471 mm2 and 1740 mm2
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1. Introduction

respectively. Each transmit channel has a saturated output power PSat of 3 dBm.
The equivalent isotropically radiated power (EIRP) is reported to be 38 dBm for
the 64 channel version. A relative drop in the EIRP of 0.5 dB was noted when all
64 channels were simultaneously driven compared to when only one channel was
active. This drop was attributed to the heating of the chip as the channels were
turned on. Since GaN technology enables high power at high frequency it is a strong
candidate for the AESA systems. In [4], a comparison is made between GaN MMIC
Ka band amplifiers relevant for 5G applications. The power levels range from 4.7 W
to 8.7 W. It is reasonable to assume that integrating such amplifiers in a small area
will amplify already existing heating problems in these circuits and the problems
observed in [2] and [3] will be of increased concern.

It is widely known that increased temperatures degrades the performance of GaN
HEMT transistors in terms of Noise Figure (NF), gain and output power. In [3], [5]
it is shown how extrinsic noise performance was degraded with temperature and how
access resistances (which increase with temperature) are a significant contributor to
the overall noise performance of AlGaN/GaN- HEMTs. Furthermore, in [6] it is
concluded how the drain current is reduced with increased temperature, reducing
both output power and gain.

It is clear from these observations that in order to predict the level of perfor-
mance deterioration, there is a need to accurately determine the junction temper-
ature of the transistor. Furthermore, it is of interest to understand how heat is
transferred between the transceiver elements. This includes understanding the sig-
nificance of each layer in the material structure to the heat coupling and the time
constants related to each layer. Knowledge of these parameters and how they vary
with distance and temperature helps to predict the impact of thermal effects and is
therefore important in order to make better circuit designs.

1.2 Dynamic Bias Control

Traditionally an amplifier in a transmitter or receiver is designed for a specific bias
supply operating point. This operating point, usually referred to as the quiescent
point, will be fixed to the designed value during normal operation. The class of
operation and general performance of the amplifier would then be known in a specific
thermal environment and frequency band. Figure 1.1a shows a general block diagram
of a Power Amplifier (PA) where the bias point does not change over time. In this
case the performance of the amplifier may vary depending on the signal type and
operating climate. In contrast to the setup in Figure 1.1a, a system where the bias,
constantly or piecewise, does change over time is said to be a dynamic bias control
system.

Figure 1.1b shows a PA where the shape of the RF frequency is tracked by
the supply voltage logic which controls the type of supply voltage that feeds the
amplifier. This technique is referred to as Envelope Tracking (ET) and is used to
enhance the performance of the amplifier when it operates with highly amplitude
modulated signals. Since the bias operating point strongly affects key parameters
of the amplifier such as gain, linearity, output power and noise figure, the purpose

2



1. Introduction

(a)

T

(b)

Figure 1.1: Example of a static bias system (a) and a dynamic bias system using envelope
tracking (b).

of the control can be very different. The manner in which the amplifier is controlled
is therefore strongly application and situation dependent. ET in the mobile com-
munication industry serves to maximize efficiency and minimize nonlinear effects.
Maximum efficiency is achieved close to compression, a point where nonlinear effects
start to increase. An example is given in [7] where Envelope Tracking is used to
maintain efficiency levels greater than 50 % in a GaN-on-SiC MMICs 12 W peak
transmitter for various shapes of amplitude modulated pulses.

To ensure that parameters such as gain and power remains constant over temper-
ature a structure shown in Figure 1.2 can be used. The structure includes a tunable
attenuator at the output of the amplifier and the attenuation of the attenuator will
change according to the current temperature at the amplifier. As the temperature
goes up, the attenuation will go down, ensuring a constant gain over temperature.
This is an example of a simple structure that handles thermal effects and is used
to a limited extent in the radar industry. Although such concepts address some of
the properties of dynamic bias control, alot of possibilities are yet to be explored.
Using an attenuator on the output means working around the problem of thermal
heating affecting amplifiers. It solves the problem in a very inefficient way by sac-
rificing power to be dissipated in the attenuator, causing efficiency to drop and the
temperature to increase further. What needs to be investigated and what still is

Figure 1.2: Temperature dependent attenuation at output.
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1. Introduction

unknown is if the thermal deterioration effects can be solved at the amplifier stage.
It is pointed out in [3] that the rise in chip temperature (and hence lower gain)

was compensated by increasing the Proportional To Ambient Temperature (PTAT)
current which is the current to the line amplifiers (amplifiers in each 4x4 sub-array
in [3]). This concept can be applied as a general way of controlling the performance
of each individual element in an array of transceivers. Figure 1.3 shows the block
diagram of a dynamic bias control system in an array of transmitters. The elements
are driven in a specific way that creates a desired radiation pattern. This will create
a unique thermal environment for each element in the array. As a consequence the
temperature for each element has to be measured separately. This information is
fed back into a bias control unit which then determines the appropriate bias for each
element with regard to its current thermal environment.

This bias control scheme is a possible solution to the problems in Section 1.1
and several parts of it need to be looked into. One of them is to what extent
can dynamic bias control be used to prevent thermal performance deterioration in
GaN transceivers. Another is how accurately it is possible to measure the junction
temperature of the devices with a GaN based temperature sensor.

PA PAPA PA

T3 T4T2T1

VLF1 VLF2 VLF3 VLF4

Bias Supply

Bias Control 

Logic

Figure 1.3: Array of transmitters in a MIMO system.

4



1. Introduction

1.3 Purpose of Study and Report Structure

The purpose of this project is to study the temperature dependent performance of
GaN circuits and to which extent this can be compensated for with an adaptive bias
control circuit. To determine the operating temperature of each individual circuit
in a multi transceiver chip, an on-wafer temperature sensor needs to be close to the
circuit. The integration of this sensor, as well as a characterization of the thermal
coupling across a large GaN die will be carried out to enable the bias compensation
scheme to be utilized on multi transceiver chips. In chapter 2 a GaN sensor study
is presented covering two process runs in Chalmers in-house GaN process [8]. The
study includes two types of sensors. One mesa resistor sensor and one Schottky diode
sensor. The chapter starts with the design layout of the sensors in two steps. This is
followed by a description of the measurement setup for the different test structures.
Next, results are presented, including IV measurements, pulsed measurements and
modeling of the measurements in the following subsections. The last section covers
a test of the devices to see how well the sensors work in practice.

In chapter 3 a Low Noise Amplifier (LNA) study is presented. The study covers
the behaviour of the LNA versus a large bias grid with over 200 different bias points.
Three LNAs manufactured in three different processes are covered. Two LNAs are
designed at Saab and processed at Chalmers and UMS. The third LNA is commer-
cially available from Qorvo1. The chapter starts with introducing key characterizing
parameters for the LNAs. The studied parameters are noise figure, Output third
order Intercept Point (OIP3), 1 dB compression Point (P1dB) and gain. This is
followed by a description of the amplifiers under test and the measurement setup
used for the LNA measurements. The results are presented, analyzed and discussed
in the subsequent sections starting with the bias sweep results. This is followed by
presenting the LNA performance parameters as surface plots versus the bias volt-
ages and temperature. In the last section, a high power RF pulse measurement
is presented on the Qorvo LNA. Chapter 4 summarizes the important results and
conclusions of the measurements in chapter 2 & 3. Lastly, future work is suggested
in chapter 5.

1TriQuint TGA2611, this LNA will be referred to as Qorvo in the text.
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2
GaN Temperature Sensor Study

As was stated in Section 1.2, knowledge of the temperature in the device is a key
factor to predict the long and short term reliability and effects on performance.
An integrated sensor in the used technology is the most desirable solution. In this
chapter, a study on GaN based temperature sensors is performed to evaluate what
type of sensor that can be used and how well the temperature can be estimated at a
given distance from the heat source. The study also gives insight in the properties of
propagating heatwaves in the GaN material for different distances and temperatures.

2.1 Sensor Design

Using the Advanced Design System (ADS) from Keysight Technologies Inc., both
mesa resistors and Schottky diodes were designed to be used as temperature sensors.
Several versions of these devices were designed with different dimensions (widths)
at different separation distances. A first and second layout was designed, processed,
and measured in the scope of the study. The results from the first design were used
to significantly improve the design for the second layout area. This second area is
the basis for the results presented in Section 2.3, 2.4 and 2.5.

2.1.1 First Design Run

The layout area of the first run can be seen in Figure 2.1a. The structure in the area
is based on two components, the heating element or "heater" and the sensor. Each
row in each square in Figure 2.1a has a heater to the left and sensor to the right.
The heater is a mesa resistor and the sensor to the right is either a Schottky diode
or mesa resistor. The heaters were designed with different widths ranging from 25
to 50 µm with a contact separation of 2 µm. This resulted in current levels ranging
from 20 to 50 mA at 5 V. The same mesa resistors were also used as sensors on
the opposite side (Top right square in Figure 2.1a). Schottky diodes with 25 µm
gate width are used as sensors in the top left square in Figure 2.1a. The distances
between the heater and sensor range from 133 µm to 1335 µm. A picture of the
processed design is shown in Figure 2.1b.

An expanded view of the structures in the bottom left and right squares of Figure
2.1a are shown in Figure 2.2. As can be seen in the figures, these structure has a
common ground metal layer in between with separation distances ranging from 10
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2. GaN Temperature Sensor Study

to 50 µm. The difference between the two types is small, in Figure 2.2a there are
two mesa regions (teal boxes), with the metal in between on top of the GaN layer
structure. In Figure 2.2b the two active regions have been merged into one single
mesa, acting as both heater and sensor. These structures were designed to be used
as test devices to test the principle of operation during pulsed measurements.

(a)

(b)

Figure 2.1: ADS Layout area of first design (a) and processed devices (b). Note: The black lines
in the background of (b) are markings for sample identification on the backside of the transparent
substrate.

(a) (b)

Figure 2.2: Principle verification structures in first layout with separate mesa (a) and common
mesa (b).
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2. GaN Temperature Sensor Study

2.1.2 Second Design Run

The second area layout is a refined version of the first layout with improvements
based on the first measurement results. Figure 2.3a shows the area of the second
layout in ADS. As can be seen in the figure, most squares has two columns of
heaters and sensors (or sensor only). Hence the access lines have reduced length
and increased width in order to decrease resistance in the lines and thus support
higher power.

The area in Figure 2.3a have only mesa resistors as sensors which where designed
to either 15 µm or 30 µm width. This gives lower quantization noise from the
instrument by enabling a reduction in the measurement range of the sensor current
(which becomes lower for smaller widths). The top right square in Figure 2.3a shows
the two sensors placed at distances ranging from 2 µm to 400 µm. A similar area
was also designed with a gate process included. This area uses Schottky diodes with
25 µm and 50 µm widths as sensors. These processed devices are shown in Figure
2.3b. As indicated by the figure, these diodes are placed at the same distances as
the mesa sensors (5 to 400 µm distances shown here).

The heaters in the first design provided to low power levels which were difficult
for the sensors to detect. In the second design, the mesa heater resistor was increased
to 100 µm. One 600 µm version was also designed consisting of six of the 100 µm
versions in parallel. These larger heaters can be seen in the bottom and top left in
Figure 2.3a. Note the larger distances available by using the sensors in the second
column as sensors.

(a)
(b)

Figure 2.3: Design area of the second layout with mesa resistor sensors (a) and processed area
with Schottky diodes (b).
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2. GaN Temperature Sensor Study

An expanded view of the specific devices are shown in Figure 2.4 including the
100 µm (2.4a) and 600 µm (2.4b) heaters as well as the 15 µm mesa sensor (2.4c)
and 25 µm gate width Schottky diode (2.4d). The figures include the top metal
(red), ohmic contacts (teal), active regions (blue) and gate metal (pink). The final
processed versions of these devices are shown in Figure 2.5 where 2.5a and 2.5b is
the Schottky diode and mesa resistor placed 100 µm from the heater respectively.
These structures provide the basis for the results in the remainder of chapter 2.

(a) (b)

(c) (d)

Figure 2.4: Sensors and heaters in the second layout. A 100 µm heater (a) and 600 µm heater
(b). A 15 µm mesa sensor (c) and 25 µm Schottky sensor (d).

10



2. GaN Temperature Sensor Study

(a)

(b)

Figure 2.5: Final processed sensors and heaters with 100 µm separation. A 100 µm heater and
25 µm Schottky sensor (a) and a 600 µm heater and 15 µm mesa sensor (b).

11



2. GaN Temperature Sensor Study

2.2 Measurement Setup

The measurement setup for the GaN sensors is built to make two key measurements.
First the current versus voltage characteristics of the sensor is measured for different
temperatures to pre-characterize its temperature dependence. The second measure-
ment is to characterize the lateral thermal properties of the structure by applying
a pulse to the heating element and monitor the resistance of sensors with different
distances from the heater versus time. The entire measurement system used to make
both these measurements is shown in Figure 2.6. Omitted in the figure is the thermal
chuck which controls the backside temperature of the Device Under Test (DUT).
In this case, the thermal chuck is not controlled by the computer, but set manually
before each measurement starts. Furthermore, during the measurements, the DUT
is placed in a probe station inside a nitrogen filled chamber with the thermal chuck
as base and a plastic plastic top lid. This ensures a controlled climate in terms of
temperature and humidity. The chamber, DUT and thermal chuck can be seen in
Figure 2.7 where the top lid has been removed.

The setup is built around the current waveform analyzer CX3324A from Keysight
Technologies which can capture current and voltage waveforms with 1 GS/s on 4
channels. The current waveforms are measured with current probes which can be
connected to any channel. Similarly, voltage waveforms can be measured by connect-
ing a voltage sense port adapter to the desired channel. In this case the CX1103A
current probe is used with a sensor head for both current and voltage measurements
(IV-Probe in Figure 2.6). As can be seen in the figure, channel 1,2 and 3,4 measures
the current and voltage waveforms on the heater and sensor side respectively. Fur-
thermore, the sensor is connected to a power supply that can either bias the sensor
at a constant voltage (for pulsed measurements) or sweep the voltage.

The heater is connected to a high power pulser module which is supplied by a
separate power supply with two channels (HP6625A). The pulser module switches
between the two channels according to the input signal from the waveform generator
(TG5012A). The waveform generator and current waveform analyzer are synchro-
nized using the 10 MHz reference signal. Furthermore, the waveform generator
triggers the current waveform analyzer when its signal goes high to the pulser mod-
ule. All instruments are controlled by a PC that configures the instruments and
acquires data via GPIB, LAN or USB interfaces.

12



2. GaN Temperature Sensor Study

Current Waveform 
Analyzer

IV-
Probe

IV-
Probe

HP85120

Pulser Module

HP6625A

Power Supply

TG5012A

Waveform 
Generator

HMP4040

Power Supply

Trigger

CH2 CH3 CH4CH1

V I V I

CX3324A

Heater Side

PC

Control Computer

10 MHz

GPIB

LAN
GPIB

LAN

Sensor Side

DUT

Figure 2.6: IV versus temperature measurement and pulse measurement setup for GaN sensors.

Chamber

Thermal Chuck

DUT

Figure 2.7: Climate chamber with probes and DUT inside, placed on the thermal chuck. A
plastic top lid is placed on top and the chamber is filled with nitrogen during measurements.
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2. GaN Temperature Sensor Study

The choice of Power Supply Unit (PSU) for pulsed measurements is important, since
a constant output voltage is wanted for the sensor. Therefore, a detailed study was
carried out to determine the best PSU for this purpose. The tested PSUs were
the Hewlett Packard HP6625A, HAMEG HMP4040, Keithley K2400 and Hewlett
Packard HP4156. Figure 2.8 demonstrates the usage of these PSUs for the sensor
in Figure 2.2a. The right column shows the bias voltage applied to the sensor
before and after the heater is subjected to a pulse at t = 0 s. The left column
shows the current response of the sensor. Apart from demonstrating the working
principle of the pulsed measurements, the measurement also verifies the importance
of a stable PSU. In the ideal case, the sensor voltage is unaffected by the pulse
applied to the heater. However, since there is a common ground metal at the DUT
in these devices, the sensor voltage is forcibly changed by the heater pulse. These
voltage ripples translate to current ripples and therefore contaminates the actual
current response measurement. Clearly the HMP4040 power supply has the most
stable voltage level before and after the pulse. It is most likely due to the fact that
the PSU does not detect the ground disturbance and therefore does not start to
compensate for it which is the case for the other PSUs.
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Figure 2.8: Comparison of PSU impact on measurement.
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2.3 IV Measurements

The IV versus temperature (T) measurements provides a good characterization of
the device and gives insight about the temperature dependence and whereabouts
of key parameters such as the threshold voltage VT for the Schottky diode and
saturation current level for the mesa resistors.

2.3.1 First Design Run

A typical IV versus T measurement for the first run is shown in Figure 2.9a for
the 50 µm mesa resistor and in Figure 2.9b for the 25 µm Schottky diode. Several
versions of the mesa resistors were designed in Section 2.9a and the difference in
the IV measurements is mainly a scaling of the current magnitude if the width is
increased/decreased. As seen in Figure 2.9a, a voltage sweep from -5 to 5 V results in
a linear region from approximately -1 V to 1 V, and a saturation region outside this
range. In the linear region, a decreasing conductance σ with increasing temperature
is observed. This is expected since the electron mobility decreases as the temperature
increases [6]. In the saturation region however, there is a change in sign of dσ/dT
and the conductivity increases as the temperature increases. A possible explanation
is that the higher electric field increases the rate of electron trapping which in turn
decreases the amount of charge carriers in the channel. As the temperature then
increases, the release rate of the electrons is increased, resulting in more charge
carriers as the temperature increases [9].

The IV versus T measurement for the Schottky diode is shown in Figure 2.9b.
In this case the voltage sweep ranges from 0.1 V to -15 V to make a reverse bias IV
characterization versus T. It can be seen that the diode has a larger current derivative
with respect to T close to the avalanche breakdown voltage. The diodes proved to
have a significant spread between different individuals in terms of breakdown voltage
level.

The first devices proved to have a number of drawbacks. Using a 50 µm mesa
as sensor resulted in difficulties measuring the response properly for the pulsed
measurements. When the sensor is biased at around 1 V it gives a starting current
above 20 mA which is the upper limit for one of the lower current range modes for
the current waveform analyzer. The response during the pulse is in the order of
µA and therefore drowns in the quantization noise. Furthermore, using the 50 µm
mesa as heater resulted in very low dissipated power levels (<1.2 W ), which further
complicated the detection. It is also possible that significant power was dissipated
in the access lines. These lines were proven too thin and started to fuse when the
voltage reached levels around 25 V. The heater current was not measured for the first
run but can in this case be assumed to be greater than 50 mA. Testing the maximum
currents (or voltage levels in this case) also indicated the need for redundancy copies
in the layout. Finally, the shortest separation distance proved to be too large to
properly study the distance dependence and its impact on the response.
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Figure 2.9: First layout IV versus T characteristics of a 50 µm mesa resistor (a) and 25 µm
Schottky diode (b)
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Figure 2.10: Second layout IV versus T characteristics of a 15 µm mesa resistor (a) and 25 µm
Schottky diode (b)

2.3.2 Second Design Run

The second layout IV measurement for a 15 µm mesa resistor is shown in Figure
2.10a. The measurement settings are the same as for the first run and the result
shows two major differences. The change in sign of the conductance is more or
less absent and the resistor has an expected behaviour versus temperature, with
increasing resistance up to 5 V. The resistor is less than one third of the width
but has almost half the current compared to the 50 um version in the first run in
the saturation region. These differences shows the sensitivity of e.g. ohmic contact
resistance which may differ between runs.

Because of the difficulties with the large variation in the reverse biased IV char-
acteristics of the Schottky diode in the first run, the sweep range was changed to
measure the diode forward biased. The IV versus T characteristics of the forward
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biased Schottky diode can be seen in Figure 2.10b. It can be seen that VT is shifted
towards 0 V as the temperature increases and the current increases by more than
1000 times over approximately 600 mV in the conduction region. The plot shows the
magnitude of the current. Hence the current in the off region should be negative.

2.4 Pulsed Measurements

In this section, the heater is subjected to high power pulses which will be dissipated
in the resistor and produce heatwaves that will propagate in all 3 dimensions from
the heater into the GaN hetero structure. The results from Section 2.3.2 will be
used to bias the sensors in its most temperature sensitive area. In the case of the
mesa resistor, the area of interest is the area close to the end of the linear region
partly because the devices exhibit the strongest dependence there and partly because
biasing in the saturation region only serves to increase the self heating effects. These
effects are due to the biasing power consumption and can cause severe measurement
errors. After selecting an appropriate bias, the sensor current is then monitored
during the measurement in order to detect any temperature changes caused by the
propagating heatwaves.

The sensor response will be analyzed and modeled and parameters such as time
constants and delay of the current response are then extracted. Furthermore, the
I(T) dependence will be modelled and the expressions are used to determine the
measured temperature of the sensors.

2.4.1 Distance Dependence

The mesa IV measurement in Figure 2.10a indicates a good temperature sensitivity
at 1.3 V. Using this bias point, and an input pulse amplitude of 20 V gives the
response shown in Figure 2.11a. In the figure, the pulse on time ton is 4.75 ms, the
dissipated power in the heater is about 3 W, the distance to the sensor is 2 µm and
the thermal chuck temperature is 25 °C. The sensor current is clearly affected by
the pulse and decreases as the temperature increases. After the pulse has ended,
the current recovers in a reverse manner. In order to make sure a full recovery
the pulse period Tp is set to 200 ms giving a duty cycle D = 4.75/200 = 2.38 %.
Finally, the sampling frequency fs is set to 10 MS/s which is a good compromise
between capturing fast transients and suppressing high frequency noise. The light
in the test environment proved to have significant influence on the measurement.
Figure 2.12a shows the same measurement as in Figure 2.11a in a dark and light
environment. It can be seen that the current decreases in a dark environment.
The current reduction continues as more time passes and even though the changes
become smaller, the blue curve gets shifting downwards. Figure 2.12b shows how the
IV versus T measurement for the Schottky diode is affected by the light. The sweeps
for 100 °C and 62.5 °C were measured at another occasion than the other three
temperatures. This caused a gap to occur in the characteristics which introduces
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Figure 2.11: Pulsed measurement with 2 µm separation distance with a 15 µm mesa sensor (a)
and a 25 µm Schottky diode (b).
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Figure 2.12: Pulsed measurement in a dark and light environment (a) and current drift caused
by light in an IV versus T measurement (b).

errors in the biasing and temperature estimation of the diode. A possible explanation
for the light dependency is the interaction of photons with trapped electrons. By
illuminating the hetero structure with photons, the rate of traps released is increased
and thus the current is increased. The measurements in the following sections were
performed after approximately 2 min of darkness had passed.

With the bias and measurement settings kept constant as described above, the
15 µm mesa sensor current response can be evaluated versus the distances seen in
Figure 2.3. The distances are 2, 5, 10, 25, 50, 100 and 200 µm. Figure 2.13a shows
the response from each sensor at the given distance. The figure shows a spread
in the quiescent current for each device which is due to the spread in resistance
between individuals. The response is different in magnitude and shape at different
distances and approximately reaches a steady state during the ton time at the shorter
distances (2-10 µm). Figure 2.13b shows the same figure but with the starting
offset level (quiescent current) subtracted for each curve. This figure clearly shows
how the magnitude of the current response decreases with distance. The derivative
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dI/dT |T =25 °C is assumed to have small differences between each copy. This explains
why the response of the 2 µm sensor is slightly smaller compared to the sensor at
5 µm. A fast transient change occurs in the order of µs and it becomes less apparent
as the distance increases.

The different sequences and propagation delay can be seen by plotting the re-
sponse versus a logarithmic time as shown in Figure 2.14. The figure shows that
the delay ranges from roughly 10 µs to 100 µs between the longest and shortest dis-
tances. It is also visible how the fast sequence occurs within 100 µs for the shorter
distances.
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Figure 2.13: Current response of the 15 µm mesa sensor biased at Vb = 1.301 V at 25 °C with
start offsets (a) and with start offsets subtracted (b).
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Figure 2.14: Current response with logarithmic x axis scale and subtracted offset with full view
(a) and zoomed view (b).

The same pulsed measurement was also performed on the 25 µm Schottky diode.
During the initial measurements of the first design run. It was discovered that a
reverse biased Schottky diode had very unpredictable temperature dependence and a
very small response. This introduced significant amounts of quantization noise from
the instrument whose ranges did not fit well to the response. For the measurements
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of the second run, the Schottky diode was instead forward biased in the vicinity of
the threshold voltage VT . Between the different individuals, VT proved to have a
spread in the order of mV. The spread has a large impact on the current response
(see IV plot). Hence Vb for one individual could be inappropriate for the diode at
the next distance. This required a tuned bias voltage to be selected from the IV
versus T characteristics for each device. For this reason, only the first four distances
were measured with this sensor. Figure 2.11b presents a pulsed measurement for
the Schottky diode. The diode is biased at 0.704 V which is a good point for the
2 µm separation as seen in the IV characteristics in Figure 2.10. The responses for
the first 4 distances can be seen in Figure 2.15a-b. The responses are similar to
those of the mesa sensors but with an opposite sign in the change. The derivative
dI/dT |T =25 °C is very sensitive to changes in Vb or VT . This is evident from Figure
2.15b which indicates a higher response from the sensor at 25 µm compared to
10 µm, meaning that the sensor at 25 µm has a different VT and therefore a different
(higher) dI/dT |T =25 °C.

The logarithmic plots in Figure 2.15c and 2.15d indicate a similar delay as for
the mesa sensors. The slope of the response at about 1 ms also indicate the presence
of similar time constants as with the mesa sensor.
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Figure 2.15: Current response of the 25 µm Schottky diode biased at Vb = 0.704 V at 25 °C with
startlevels (a) and with start offset subtracted (b). Current response with logarithmic x axis scale
and subtracted offset with full view (c) and zoomed view (d).
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2.4.2 Temperature Dependence

In this section, the sensors are evaluated at different measurement temperatures
with the distance between the heater and sensor kept fixed. The measurement
temperatures are -50, 25 and 100 °C.

From the IV measurements, the current dependence for the mesa sensor biased
at the end of the linear region predicts an increased current for lower temperatures.
This can also be seen in Figure 2.16a which shows the pulsed measurement performed
at the three temperatures. The offset start level is higher for lower temperatures
but the response magnitude is smaller and vice verse. The different sequences (time
constants) are also present for all three cases but is less visible for the lower tem-
perature because of the smaller magnitude in the response. It can be more easily
seen in Figure 2.17b where the axes are logarithmic. In the figure, the shape of the
responses can be seen to be very similar apart from the magnitude and delay.

It can be seen from Figure 2.16b that going from a measurement temperature
of 100 °C to -50 °C results in a decreased response magnitude of roughly 350 µA. At
the same time the sensitivity is very constant as will be seen in Section 2.5.2. It is
therefore concluded that the measured temperature change is much lower when the
measurement is made at -50 °C compared to 100 °C even though the heater power
is the same for both cases.

For the Schottky diode the trend is the opposite for the start level compared to
the mesa sensor. Figure 2.18a shows the response of the sensor at the three temper-
atures. The offset start for the current level is higher at 100 °C as expected from the
IV characteristics in Figure 2.10b, and decreases with decreasing temperature. The
magnitude of the response in Figure 2.18b is strongly decreasing with decreasing
temperature. This indicates that the derivative of the I(T) characteristics is a vary-
ing function of temperature for the Schottky diode. This is also verified in Section
2.5.2.

Logarithmic plots are shown in Figure 2.19a and 2.19b. In the latter, it is clear
that even though the response is small at -50 °C the different sequences are still
present.
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Figure 2.16: Current response of the 15 µm mesa sensor biased at Vb = 1.301 V at -50, 25 and
100 °C with start offset (a) and with start offset subtracted (b).
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Figure 2.17: Current response of the 15 µm mesa sensor biased at Vb = 1.301 V at -50, 25 and
100 °C with logarithmic x axis (a) and both axes logarithmic (b).
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Figure 2.18: Current response of the 25 µm Schottky diode sensor biased at Vb = 0.704 V at -50,
25 and 100 °C with start offset (a) and with start offset subtracted (b).
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Figure 2.19: Current response of the 25 µm Schottky diode sensor biased at Vb = 0.704 V at -50,
25 and 100 °C with logarithmic x axis (a) and both axes logarithmic (b).
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2.5 Modeling

In this section, the results from the pulsed measurements in Section 2.4 and the
IV versus T measurements in Section 2.3 are analyzed and modelled. The analytic
expressions of the pulsed measurements provide more accurate information about
the propagation delay, heat coupling paths and material properties of the GaN on
SiC structure. The modelling of the I(T) dependence gives more insight into the
temperature sensitivity and measured values of the sensors.

2.5.1 Current Response

The current responses of the mesa sensors in Figure 2.14 have a number of regions
where the slope remains constant until it enters another region. These different
sequences of the response is believed to be contributions from different thermal
coupling paths to the sensor. A model of the main heat coupling paths is presented
in Figure 2.20. The figure shows the heater to the left and sensor to the right
with the different layers in the structure. The main coupling is assumed to occur
in the GaN and SiC layers as well as a smaller coupling through the bottom of
the device (thermal chuck). The different sequences following from these coupling
paths can mathematically be modelled by exponential terms with time constants
and amplitude coefficients. One exponential term to each path in Figure 2.20 gives
three terms for this simple model. The time constants and amplitude coefficients
indicate how fast the sequence of the specific path is and the magnitude of the
heatwave related to that path. Furthermore, a delay t− tdelay has to be introduced
where tdelay is the time it takes for the fastest heatwave to reach the sensor. Hence
the function should have a constant value and start the sequence at t = tdelay. The
following expression can be used to model the current response versus distance for
the 15 µm mesa sensor.

SiC AlNGaNAlGaNSiN Ti/Au/Ti Ta/Al/Ta 2DEG

2

3

Thermal Chuck

Not to scale

1

Heater Sensor

Figure 2.20: Simple heat transfer model in the GaN on SiC structure.
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Im(t) = I0 + σ(t− tdelay)
3∑

n=1
An(e−(t−tdelay)/τn − 1) (2.1)

where

σ(t− tdelay) =
{

0, t− tdelay < 1
1 t− tdelay ≥ 1 (2.2)

From this expression, the propagation delay is directly given by tdelay and three
time constants are given from τ1, τ2 and τ3. As seen from (2.1) and (2.2) the
function remains at the start offset when t < tdelay (before the heatwave reaches the
sensor and the response sequence starts). Figure 2.21 shows the measured current
response at 25 °C of the mesa sensor together with the response based on the model
in (2.1). The optimum fit was obtained using the Least Squares nonlinear function
in MATLAB. The figure shows a good fit between the measured data and proposed
model.
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Figure 2.21: Measurement data of the current response of the 15 µm mesa sensor at 25 °C and
fitted response from model for separation distances 2-400 µm.
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The propagation delay is plotted versus distance in Figure 2.22e and ranges from a
few µs for 2-10 µm to 100 µs for 400 µm. The time constants τ1,2,3 are plotted versus
distance in Figure 2.22a. Lastly, the associated amplitude coefficients for the fit at
25 °C are plotted in Figure 2.22b.

The time constant τ1 is most likely the heat transfer in the GaN layer between
the sensor and heater. This assumption is supported by Figure 2.22a and 2.22b
which shows that the fast time constant τ1 also has the largest amplitude coefficient
for the shorter distances meaning it contributes with the largest impact on the
sensor response. This is expected since in that case, the path in the GaN layer is
the shortest path for the heat to be transferred and the path were the attenuation
of the waves will be minimized, resulting in higher values of A1.

With the exception of a thin layer of aluminum Nitride (AlN), the next layer
after the GaN layer is the Silicon Carbide (SiC) base. This is the thickest layer in
the structure and is about 500 µm. A possible interpretation of the time constant τ2
is the heat transfer in this layer. It can be seen in Figure 2.22b and 2.22a to have the
second largest amplitude coefficient for the shorter distances as well as longer time
constants. As the distance increases, the amplitude coefficient A1 seems to decrease
faster than A2. This implies that the thermal resistance is higher for the GaN layer
compared to the SiC layer. Therefore, as the distance increases, the influence of the
lower thermal resistance in the SiC layer becomes larger and reaches a point where
it exceeds the GaN layer as the primary heat transfer path between the heater and
sensor.

In general, τ1 and τ2 both increase with distance. Figure 2.22c also indicates
that this behaviour seems to be nonlinear with respect to temperature (at longer
distances). The behaviour of τ3 and A3 is divergent compared to the other two terms
in (2.1). This slow time constant is believed to be an additional heat contribution
through the thermal chuck. Since it involves a direct connection with the thermal
chuck, it is possible that this path is affected by (mixed with) the heat source from
the thermal chuck itself, explaining why A3 shows almost no dependence on the
distance.

Figure 2.22c, 2.22d and 2.22e shows the temperature dependence of τ1, A1 and
propagation delay respectively. It can be observed that the response time in the
GaN layer increases with increased temperature. Furthermore, the associated A1
coefficient also decreases with decreasing temperature which is in accordance with
Figure 2.16b which showed a decreased magnitude of the response with decreasing
temperatures.

Figure 2.22f shows A1 normalized to the sum of the coefficients A1, A2, A3. It can
be observed that for the shorter distances the influence of A1 seems to decrease faster
than those of A2, A3 as the temperature increases. Finally, the propagation delay
is shown in Figure 2.22e and can be seen to increase with temperature, indicating
decreased propagation velocities at higher temperatures.

The behaviour of A1 in Figure 2.22d shows that the amplitude of the fast lateral
coupling is decreasing from roughly 225 µA at 100 °C to 75 µA at -50 °C for the 2 µm
distance. This clearly indicates a reduced temperature at the sensor. It is believed
that the heat from the pulse is conducted into other directions before reaching the
sensor. Consequently, a lower temperature is measured.
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Figure 2.22: Time constants of the exponential terms for extracted model at 25 °C (a) and cor-
responding amplitude coefficients (b) as well as temperature dependence of fast lateral coupling
in the GaN layer (c). Temperature dependence of GaN amplitude coefficient A1 (d) normal-
ized to total sum of coefficients A1−3 (f). Lastly, (e) shows the temperature dependence on the
propagation delay.

26
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2.5.2 IV Characteristics

The next step in the model analysis is to extract models from the IV characterization
in Section 2.3. It is proposed in [10] that the mesa resistors can be modeled with
the following hyperbolic tangent black box based model

Im(T ) = (a1 + a2T )tanh(Vb(b1 + b2T )) + Vb(c1 + c2T ) (2.3)

Where a1−2, b1−2 and c1−2 are the model coefficients, Vb is the bias voltage and T is
the temperature. Figure 2.23a shows the IV characteristics of the 15 µm mesa sensor
with a line drawn marking the bias voltage used during the pulsed measurements.
This bias voltage, as well as the current data at the five temperatures -50, -12.5,
25, 62.5 and 100 °C crossing the bias line can be used to extract the coefficients
a0−1, b0−1 and c0−1. The result is plotted against temperature in Figure 2.23b and
is observed to be very linear with respect to temperature.

For the Schottky diode, the following 3rd order polynomial expression can be
used to model the current temperature dependence.

Im(T ) = p1T
3 + p2T

2 + p3T + p4 (2.4)

Where p1−3 are the extracted model coefficients and T is the temperature. The bias
voltage for the Schottky diode is shown in Figure 2.23c. The expressions in (2.4)
and (2.3) are valid in the vicinity of the marked bias lines. As with the mesa, the
data points at Vb = 0.704 V in Figure 2.23c can be used to find the coefficients
p1−4. The results is plotted versus temperature in figure 2.23d and is in contrast
to Figure 2.23b not very linear with respect to temperature. Another approach to
the Schottky modeling would be to use the real Schottky diode IV characteristics
function as formulated in [11]

Im(T ) = Is[exp(qVD/nkT )− 1] (2.5)

where Is = Is(T 2). However, an empirical polynomial model is simpler to use and
works equally good for the purposes in this thesis.

To evaluate the sensitivity of the models a small voltage error can be added
to the bias voltage and the corresponding data points can be used to extract new
coefficients for the models in (2.3) and (2.4). Performing these steps with an error
voltage of 50 mV result in the red curves plotted in Figure 2.23b and 2.23d. Clearly
the mesa sensor is less affected by the error than Schottky diode. If the Schottky
diode is characterized at 0.704 V and measures the ambient temperature of 300 K
it corresponds to 20 µA. If a 50 mV error occurs, the current increases to roughly
50 µA. On the original current model, this current level corresponds to a temperature
of about 338 K. Hence the voltage error translates to a temperature measurement
error of almost 40 °C. In the case of the mesa sensor, the error translates to roughly
12 °C.
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Figure 2.23: The 15 µm mesa and 25 µm Schottky IV characteristics with marked bias voltages
(a), (c). Extracted I(T) model at bias and bias with perturbation for the mesa (b) and Schottky
diode (d).

It is important to know what the sensitivity of the sensors looks like and how it
behaves versus temperature. Such knowledge helps to select a good bias voltage and
is critical for the analysis of the responses from different individuals. The sensitivity
of the mesa sensor can be found by examining d/dT of (2.3). The derivative I ′m(T )
can be written as

I ′m(T ) = Vbc2 +a2tanh((b1 + b2T )Vb)−Vbb2[tanh((b1 + b2T )Vb)2−1](a1 +a2T ) (2.6)

It is clear from the mesa IV characteristics in Figure 2.10a that the peak sensitivity
lies within the region 0.5 to 2 V. The function in (2.6) is plotted for bias voltages
ranging from 0.22 to 2.2 V in Figure 2.24a. Clearly it can be seen that the magnitude
of the sensitivity increases from 0.22 V and peaks around 1.32 V. It can also be seen
that the sensitivity is fairly constant over all temperatures in the span at the voltage
where the maximum occurs. Before this point, the slope of the curve is positive
and after, the slope is negative, indicating a higher sensitivity for higher and lower
temperatures respectively. These results are consistent with what can be seen in
the IV measurement where the temperature "swing" peaks in the transition region.
The point used for the measurements was 1.3 V and can be seen in Figure 2.24b to
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be close to the maximum sensitivity point.
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Figure 2.24: Sensitivity of the 15 µm mesa sensor at Vb = 0.22 V to Vb = 2.20 V (a) and the
measurement bias voltage Vb = 1.3 V (b).

For the Schottky model, the sensitivity is

I ′m(T ) = 3p1T
2 + 2p2T + p3 (2.7)

This sensitivity varies as T 2 and will therefore cause the response to vary significantly
at different temperatures. This is verified by the measurements in Section 2.4.2
where Figure 2.18a shows a response magnitude approximately increasing from 2 µA
at -50 °C to 32 µA at 100 °C hence a 16 times increase. This can be compared to the
approximate expected increase of 4 times which was measured by the mesa sensor
in Figure 2.16b (the magnitude of the plot is considered in this case).
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2.5.3 Temperature Estimation

The measured temperatures of the sensors can be evaluated by reading of the current
response in the pulsed measurement and inserting the values in the models in Section
2.5.2. The following values are based on the 15 µm mesa sensor at 2 µm distance
from the heater at 25 °C. From Figure 2.11a the starting current level can be read to
be 11.48 mA and after 4.7 ms the current has decreased to 11.07 mA. From Figure
2.23b the starting current corresponds to a temperature T0 = 297 K and the current
at 4.7 ms T4.7 = 312 K. Hence, the temperature change is roughly 15 °C which is
reasonable for 3.1 W of dissipated power in the heater. This power which is mainly
transformed to heat is spreading in all three dimensions in the layer stackup and is
also assumed to be strongly conducted in the metal access lines to the mesa heater.

For the 25 µm Schottky diode with the same conditions, the starting current
is given from Figure 2.11b to be 26.8 µA. After 4.7 ms the current has increased
to 38.61 µA. From Figure 2.23d the starting current corresponds to a temperature
T0 = 313 K and the temperature at 4.7 ms T4.7 = 328 K. Hence, the temperature
change is roughly 15 °C.

The reason for the offset value for the Schottky diode can be explained by the
sensitivity in Vb for the I(T) model which was demonstrated in Section 2.5.2. The
measured bias value was 0.707 V and the model value was 0.704 V (closest IV
measurement point). Choosing Vb = 0.709 V gives T0 = 309 K. Hence a small shift
in the forward conducting threshold voltage VT for the Schottky diode caused by
e.g. a light source may therefore influence the measurement significantly.

The current change for the mesa sensor is roughly 410 µA for a 15 °C temperature
change. This gives about 27 µA/K which can be compared to the sensitivity for the
mesa sensor in Figure 2.24b. This leads to a value of 26 µA/K which is very close
to the measured value. Lastly it should be noted that even though the used IV
model data was not from the individual doing the temperature measurement, it still
resulted in very reasonable results.
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When the temperature of the device is known, it can be used to take the necessary
steps to acquire or maintain the desired performance. In this case the goal is to
maintain the performance by mitigating the thermal effects in the device. The nec-
essary actions can however only be taken if the state of the device can be predicted
from the given temperature. Such predictions is ideally provided by models.

In this chapter, a study on three different LNAs is conducted to analyze the
temperature and bias dependence of a number of key figures of merit. The study
provides insight about the impact on these parameters from thermal effects and
how it differs between processes. Furthermore, knowledge is provided about the
possibilities and limitations of changing the bias. The chapter therefore lays the
foundation for a temperature and bias characterization of the device which is needed
for a dynamic bias control.

3.1 Performance Parameters

The design process of amplifiers is in general is often a trade-off between parameters
which will improve/degrade at the cost of each other. The situation is similar for
changing the bias and therefore all properties need to be monitored simultaneously
to get the full picture. In the following section, relevant LNA figures of merit that
measures noise, gain, power and linearity are reviewed. These key parameters will
be studied for each LNA in later sections.

3.1.1 Noise Figure

The Noise Figure (NF or F) is a figure of merit that describes the amount of noise
generated in electronic devices. The definition of noise figure is the degradation of
the Signal to Noise Ratio (SNR) at the reference source temperature of 290 K. This
can be written as

F = Si/Ni

So/No

(3.1)

where Si is the input signal power, Ni is the input noise power, So the output signal
power and No the output noise power. The noise powers are mostly dominated by
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thermal noise and thus Ni and No can be written as

Ni = kT0B (3.2)

No = Na +NiG = Na + kT0BG (3.3)

The input noise power in (3.2) is given by Bolzmanns constant k times the bandwidth
B and reference temperature T0 (at 290 K). The output noise power in (3.3) is given
by the input noise power times the gain G plus the added noise Na from the device.
Na can be written as

Na = kTeBG (3.4)

where Te is the equivalent noise temperature of the device. The simplest model of
the output signal So is the linear model. This model suggest that the output signal
can be written as

So = SiG (3.5)

As seen from (3.4) and (3.1) The equivalent noise temperature and noise figure (F)
are related in (3.1). Inserting (3.2), (3.3), (3.5) and (3.4) into (3.1) and simplify
gives the relation as

Te = T0(F − 1) (3.6)

3.1.2 P1dB and Gain

An amplifier is in general a nonlinear device. A general non linearity may be sim-
plified with a taylor expansion according to

f(v(t)) = f(v0) + df

dv

∣∣∣∣∣
v=v0

(v− v0) + 1
2
d2f

dv2

∣∣∣∣∣
v=v0

(v− v0)2 + 1
3!
d3f

dv3

∣∣∣∣∣
v=v0

(v− v0)3 +O4

(3.7)
For v0 = 0 it can be simplified to

f(v) = av + bv2 + cv3 (3.8)

Where a, b and c are the first second and third derivatives plus constants. For an
input signal v(t) = Acos(ωt) the output can be evaluated as

f(v(t)) = aAcos(ωt) + b(Acos(ωt))2 + c(Acos(ωt))3

= aAcos(ωt) + bA2

2 (1 + cos(2ωt)) + cA3

2 cos(ωt) + cA3

4 (1 + cos(3ωt))

= bA2

2 + cA3

4 + (aA+ cA3

2 )cos(ωt) + bA2

2 cos(2ωt) + cA3

4 cos(3ωt)
(3.9)
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Two additional harmonics occur at the output in (3.9). It can be seen that the
fourth term with the A3 dependence is added to the fundamental desired frequency.
This term is generally negative and therefore causes in band cancellation. As a
consequence, the amplifier starts to compress and the amplification of any signal
applied to the input is reduced.

A common measure for the level of compression is the P1dB point. The P1dB
point is the point were the output power has decreased 1 dB from the amplifiers
predicted linear output. Figure 3.1 shows a power sweep for an amplifier at a single
frequency. The gain is defined in dB as GdB = Pout,dBm−Pin,dBm and is constant in
the linear region. The figure shows the P1dB point as the intersection between the
linear output power minus 1 dB and the real output power curve. In this case the
P1dB point is referred to the output.

 
 
 
 
  
 
 
 

 

         

    

    
               

Figure 3.1: Amplifier compression curve with marked P1dB point referred to the output.
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3.1.3 OIP3

If the input to (3.9) consist of two tones, additional products will appear on the
output. For v(t) = Acos(ωAt) +Bcos(ωBt) the output can be expressed as

f(v(t)) = a(Acos(ωAt) +Bcos(ωBt)) + b(Acos(ωAt) +Bcos(ωBt))2+
c(Acos(ωAt) +Bcos(ωBt))3 (3.10)

= ia + ib + ic (3.11)

Where

ia = aAcos(ωAt) + aBcos(ωBt) (3.12)

ib = bA2

2 (1 + cos(2ωAt)) + bB2

2 (1 + cos(2ωBt)+

− bAB[cos((ωA + ωB)t) + cos((ωA − ωB)t)]
(3.13)

ic = cA3

4 cos(3ωAt) + cB3

4 cos(3ωBt)+

+ 3cA2B

4 [cos((2ωA + ωB)t) + cos((2ωA − ωB)t)]+

+ 3cB2A

4 [cos((2ωB + ωA)t) + cos((2ωB − ωA)t)]+

+ 3c
4 (A3 + 2AB2)cos(ωAt) + 3c

4 (B3 + 2BA2)cos(ωBt)

(3.14)

The terms in (3.13) and first line in (3.14) represent harmonics of the two tones and
are of little interest since they can easily be filtered away. The two terms in (3.12)
and last line in (3.14) represent the desired signals and their compression terms re-
spectively. The two middle lines in (3.14) represent the third order Intermodulation
Distortion (IMD) products. The magnitude of these components limits the system
since they contaminate the frequency spectra with frequency components which can-
not easily be removed after the amplification. Consequently for a wideband signal,
the third order IMD products cause in band distortion.

The Output third order Intercept Point (OIP3) is a measurement of the linearity
of an amplifier. It is the value of output power, where the extrapolated linear
magnitudes of the third order intermodulation distortion product and first order
output power (the desired signal power) are equal. It can graphically be seen as the
intersection point of the linear responses of the first and third order products.

Figure 3.2 shows the first and third products versus different input power levels
and the linear intersection point. An amplifier with good linearity properties will
generate small harmonics even for higher input power. This shifts the third order
curve to the right in Figure 3.2 which results in a higher value of OIP3.
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Figure 3.2: Amplifier third order intercept point referred to the output.

3.2 Measurement Setup

The same measurement setup is used to measure the following parameters of all
three LNAs: S-parameters, noise figure, P1dB, gain (linear and at compression) and
OIP3. The PNA-X from Keysight can be used to measure all these parameters with
a single instrument.

The block diagram in Figure 3.3 shows the entire setup used for the LNA mea-
surements. The DUT is placed in a closed nitrogen filled chamber in a probe station
equipped with a thermal chuck (similar to the measurements setup in Chapter 2).
The thermal chuck is the base of the chamber and can be set to temperatures rang-
ing from -60 °C to 200 °C. Two power supplies were used to provide bias supply
voltages to the LNAs. Since all three amplifiers have two stages, it is in theory
possible to use four power supplies in order to individually control the two gate and
drain voltages for each amplifier. The Qorvo LNA did not however support such a
setup so for the sake of simplicity and comparison, the setup with two PSUs was
used for all three cases.

The power supplies and PNA-X are controlled with a GPIB interface by a control
computer (PC) which runs a Visual Basic for Applications (VBA) based program
that sets the bias supplies to a specific point and then runs the RF measurements
with the PNA-X.
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Figure 3.3: Measurement setup for the LNA measurements.

The PNA-X uses four channels to measure the LNA parameters. Channel 1 makes
a S-parameter measurement with a linear frequency sweep from 1 to 10 GHz with
163 points and -15 dBm input power. Channel 2 measures the noise figure from 2
to 6 GHz with 53 points. Channel 3 measures the P1dB compression power level
from 2 to 6 GHz at 53 points. At each frequency, the PNA-X makes an input power
sweep from -20 to 2 dBm. In the ideal case, at some point during the power sweep,
the device will have reduced its output power by 1 dB compared to the linear output
power which is defined at an input power level of -20 dBm. Because the Qorvo LNA
can output power levels that exceed the maximum acceptable power level into port
2 of the PNA-X, a 6 dB attenuator is added at the LNA output. The attenuation
value is selected as low as possible to avoid unnecessary degradation of the noise
measurement. In addition, an internal 10 dB attenuator is used at the receiver at
port 2 in order to prevent receiver saturation during the power sweep.

Lastly, channel 4 of the PNA-X makes a two tone measurement to measure IMD
products (described in Section 3.1.3). Two tones separated with ∆f = 1 MHz are
centered around a center frequency fc. This frequency is swept from 2 to 6 GHz
with the ∆f between the tones kept fixed. At each fc, the receivers are tuned to all
required IMD product frequencies to measure the power at each tone.

The two input tone powers are coupled at -20 dBm. This power level is low
enough to avoid saturation of the receiver at port 2 (which risk to contaminate the
measurement with nonlinear noise contributions from the PNA-X receiver). The
tones are equal at the input of the device but may be unequal at the output because
of gain variation versus frequency. The PNA-X therefore measures both the high
and low side bands and calculates the dBm average which then is presented as the
IMD tone power.
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3.2.1 DUT Specifications and Settings

The basis for each LNA measurement is the bias voltage grid which consists of a
sweep in the gate voltage Vg and drain voltage Vd. The start and end points of
these variables have to be chosen to ensure that they cover the area of interest with
enough points with reasonable drain current steps. For measurement time purposes
the total number of bias points should not exceed approximately 250 points. The
area of interest is the area between the pinch off voltage Vpinch and the gate voltage
that results in a maximum compliance drain current for the device (at the nominal
drain voltage Vdq). The compliance drain current was in these cases set to 200 mA.
A first guess of the upper limit of Vg is Vg,200 = I200/gm where gm is calculated as:

gm = dId

dVg

(3.15)

After the initial guess, a series of test measurements were conducted to find the
appropriate bias grid for each LNA. The final values for the three LNAs are listed
in Table 3.1.

Vg,min Vg,max Vg,step Vd,min Vd,max Vg,step Points
Chalmers -3.68 V -2.08 V 0.08 V 5 V 15 V 1 V 231
Qorvo -2.80 V -2.15 V 0.08 V 5 V 20 V 1 V 224
UMS -3.20 V -2.06 V 0.06 V 5 V 15 V 1 V 220

Table 3.1: Bias measurement grids for the three LNAs.

The DUTs are two stage GaN MMIC low noise amplifiers for radar and electronic
warfare applications [12]. Table 3.2 summarizes some specifications of the devices
under test. The UMS LNA was designed using the UMS GH25-10 foundry service
and the Chalmers LNA [13] using the Chalmers process [8]. The TGA2611 LNA is
bought off the shelf from Qorvo and is shown in Figure 3.5. Note that only 4 pads
are available for biasing (Vg, Vd and 2xGND). All three LNAs have a nominal gate
length of 0.25 µm. Figure 3.4 shows the Chalmers LNA including bias, stabilization
and matching networks to the two stages. Several self oscillating frequencies were
detected on the gate and drain bias supplies for the Chalmers and Qorvo LNAs.
Bias instability is mainly caused by the unpredictable impedance presented by the
power supplies. It is further destabilized by connecting together the gate and drain
voltages. These low frequency oscillations in the order of kHz and MHz were removed
by connecting large capacitors (µF) at the power supply terminals and by soldering
small ceramic capacitors (nF) on the DC probes.
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LNA Frequency
Range
(GHz)

Gain at
3 GHz
(dB)

NF at
3 GHz
(dB)

Ids

(mA)
Vds

(V)
Pout,sat

(dBm)
GW Stage

1/2
(µm)

UMS 2-6 21 2.4 80 10 25 4x100/4x100
Chalmers 2-6 15 1.5 80 10 20 8x50/8x50
Qorvo 2-6 28 1.0 110 10 29 N/A

Table 3.2: Specification of devices under test.

Figure 3.4: Chalmers S-Band MMIC LNA (size: 2.3 x 1.3 mm2)[13].

Figure 3.5: Qorvo S-Band MMIC LNA (size: 2.1 x 1.5 mm2)[14].
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3.3 Measurement Results

In this section, the measurement results for the Qorvo, UMS and Chalmers LNAs
are presented. The key performance parameters described in Section 3.1.1, 3.1.2
and 3.1.3 are measured for every bias point in Table 3.1 from the previous section.

3.3.1 IV Curves

The IV characteristics shows the drain current dependence on the gate and drain
voltage. The drain current dependence on temperature causes the quiescent current
to change even if the bias voltages are kept constant. The change in current can
mainly be attributed to changed electron mobility and threshold voltage VT in the
transistor. Moving the bias point means directly affecting the transistor properties.
By extension this affects design conditions such as S-parameters which changes the
optimal matching conditions and could also cause instability. Figure 3.6, 3.7 and 3.8
shows the IV characteristics of the three LNAs at -25 °C and 75 °C. As expected,
for a given (Vd, Vg) the current decreases as the temperature increases.

The drift in the threshold voltage causes starting values to move more than
other bias points versus temperature. As the temperature decreases, the LNA is
more likely to oscillate. The reason for this is that the output stabilization network
resistance decreases with temperature and will therefore present a lower impedance
for the transistor which results in a decreased margin (or no margin at all) be-
tween the optimum output match ΓL and the unstable region in the smith chart.
The increased likely-hood of instability can also be seen from the expression of the
maximum stable gain in the amplifier which can be expressed as

GT max = |S21|
|S12|

(K −
√
K2 − 1) (3.16)

Clearly in (3.16) if the gain increases, which is the case for lower temperatures, the
stability factor K becomes smaller which means moving closer to potential instabil-
ity.

As the oscillation conditions becomes satisfied, the LNA will swing at maximum
amplitude which would cause such a bias point to make a jump in the drain current.
The absence of these points in Figure 3.6, 3.7 and 3.8 indicate stable devices even
at lower temperatures.
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Figure 3.6: IV curves for the Chalmers LNA at 75 °C (a) and -25 °C (b) with Vg,min = −2.8 V
to Vg,max = −2.15 V.
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Figure 3.7: IV curves for the Qorvo LNA at 75 °C (a) and -25 °C (b) with Vg,min = −2.8 V to
Vg,max = −2.15 V.
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Figure 3.8: IV curves for the UMS LNA at 75 °C (a) and -25 °C (b) with Vg,min = −3.2 V to
Vg,max = −2.06 V.
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3.3.2 Bias Point Dependence

In this section, the temperature is kept constant and the LNA parameters are plotted
as surfaces versus the bias points in Section 3.3.1. The surface plots are analyzed for
a Continuous Wave (CW) frequency of 3 GHz and the measurement temperature is
25 °C.

The linear gain of the LNAs versus their respective bias grids is shown in Figure
3.9a (UMS), 3.10a (Chalmers) and 3.11a (Qorvo). It can be observed from the
figures that the gain varies significantly with the bias point and mostly in the Vd

direction. The Qorvo LNA exhibits the strongest Vd dependence and reaches about
30.6 dB at 20 V. The gain at the specified operating bias point (Vd = 10 V,Vg =
−2.5 V) is 27.8 dB for this device. Hence at Vd = 20 V the gain is almost 3 dB
higher. For the Chalmers LNA the gain seems to decrease slightly at higher gate
voltages apart from increasing with Vd. The gain at the specified operating point
(Vd = 10 V,Vg = −3.28 V) is 15.5 dB. The UMS LNA in Figure 3.9a exhibits the
weakest dependence on the drain voltage. The gain at the specified operating bias
point(Vd = 10 V,Vg = −2.78 V) is 20.2 dB, and reaches a maximum value of 21.42 dB
at Vd = 15 V, hence a 1.2 dB increase. The DC power consumption Pdc = IdsVd is
shown in Figure 3.9b (UMS), 3.10b (Chalmers) and 3.11b (Qorvo). All three LNAs
dissipates about 3 W at Vd = 15 V and it is clear from the plots that a higher gain
is associated with a higher power consumption.
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Figure 3.9: UMS LNA linear gain (a) and power consumption (b) versus Vd,Vg at 25 °C.
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Figure 3.10: Chalmers LNA linear gain (a) and power consumption (b) versus Vd,Vg at 25 °C.
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Figure 3.11: Qorvo LNA linear gain (a) and power consumption (b) versus Vd,Vg at 25 °C.

The next parameter to examine versus the bias point sweeps is the P1dB compression
point which is shown in Figure 3.12a (UMS), 3.13a (Chalmers) and 3.14a (Qorvo).
It can be observed from the figures that the P1dB point is more dependent on the
drain current compared to the linear gain. This means a strong variation in the Vg

direction and weaker in Vd direction. The Chalmers LNA however can be seen to
saturate to a larger extent in the Vg direction compared to the others. The quiescent
P1dB points for the UMS, Chalmers and Qorvo LNAs are 15.9, 14.4 and 20.3 dBm
respectively. These values are as expected quite far from the Psat values in Table
3.2. The measurement shows however that the P1dB point can be brought much
closer to the Psat point, resulting in a much larger linear power span for all three
LNAs.

To reach each compression point in Figure 3.12a to 3.14a a power sweep was
made as described in Section 3.2. If the measurement failed to reach a 1 dB com-
pression level, the point taken as P1dB will be the closest measured value. Figure
3.12b, 3.13b and 3.14b shows the DeltaGain for the UMS, Chalmers, and Qorvo
LNAs respectively. The figures shows the level of compression compared to the
linear region for each point presented as P1dB. Ideally these figures should show a
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plane at -1 dB if the measurement succeeded in reaching the P1dB point for all bias
points. It can be seen that some points for the UMS LNA compressed less than
1 dB. A possible explanation for this is that these points are biased in such a way as
to cause gain expansion at the end of the power sweep. Hence a larger power sweep
would have been required for these points in order to reach the P1dB point.
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Figure 3.12: UMS LNA P1dB (a) and delta gain (b) versus Vd,Vg at 25 °C.
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Figure 3.13: Chalmers LNA P1dB (a) and delta gain (b) versus Vd,Vg at 25 °C.
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Figure 3.14: Qorvo LNA P1dB (a) and delta gain (b) versus Vd,Vg at 25 °C.

The last bias point dependence parameters to analyze is the OIP3 and NF measure-
ments.The OIP3 measurements are shown in Figure 3.15a (UMS), 3.16a (Chalmers)
and 3.17a (Qorvo). In general, it can be seen that the linearity performance increases
with larger Vd values. This is expected since increasing Vd will bias the transistors
in a manner that ensures a sinusoidal drain current waveform. This is also known
as class A type operation which is the most linear type of operation. The strongest
dependence of the OIP3 measurement can however be seen in the Vg direction. The
maximum values of the UMS, Chalmers and Qorvo LNAs can be found from the
figures to be 34.2, 32.6 and 34.8 dBm. This can be compared with the quiescent
point values which are 27.1, 24.7 and 31.4 dBm respectively. Clearly bias points
with higher OIP3 values are available although the Chalmers and UMS LNA mea-
surements shows a more noisy result which makes the uncertainty larger. It can also
be concluded that like the gain surfaces, higher linearity values also results in higher
power consumption for all three LNAs.

The noisier results can be explained from Section 3.3.1 where it can be seen
that the UMS and Chalmers LNAs have more points close to current compliance
levels where the uncertainty is higher. Furthermore, using more measuring points
also results in capturing more noise.

The noise figure of the LNAs are shown in Figure 3.15a (UMS), 3.16a (Chalmers)
and 3.17a (Qorvo). It can be observed from the figures that the NF increases fast as
the LNA approaches the pinch off gate voltage level. Note that the x and y axes have
been swapped in these figures for visualization purposes. The quiescent noise figure
points for the UMS, Chalmers and Qorvo LNAs are 2.5, 2.2 and 1.3 dB respectively.
The figures indicate that it is possible to decrease the NF of the LNAs with about
0.2 to 0.4 dB. The minimal value can be seen to occur at a low Vd and maximum Vg

values. Finally, it can also be observed that the Chalmers LNA exhibits a stronger
dependence on the drain voltage compared to the UMS and Qorvo LNAs.
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Figure 3.15: UMS LNA OIP3 (a) and noise figure (b) versus Vd,Vg at 25 °C.
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Figure 3.16: Chalmers LNA OIP3 (a) and noise figure (b) versus Vd,Vg at 25 °C.
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Figure 3.17: Qorvo LNA OIP3 (a) and noise figure (b) versus Vd,Vg at 25 °C.
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3.3.3 Temperature Dependence

In this section, the drain voltage Vd is kept constant at 10 V and the LNA parameters
are plotted as surfaces versus the gate voltage and five temperatures. As with the
previous surfaces, the plots are analyzed for a CW frequency of 3 GHz.

The temperature dependence of the linear gain of the LNAs is shown in Fig-
ure 3.18a (UMS), 3.19a (Chalmers) and 3.20a (Qorvo). Although to a different
extent, in all three cases, the gain decreases with increasing temperature. It can
be expected since transistor S-parameters are a function of temperature and will
therefore change. This will result in new optimum matching conditions which will
not be satisfied with the current matching networks in place (which were designed
at a constant temperature). The gain usually suffers most from the resulting miss
match situation. The gain of the UMS, Chalmers and Qorvo LNAs are reduced by
approximately 2.5, 1.5 and 3 dB respectively. Hence the gain is reduced by half for
the Qorvo LNA and is most stable for the Chalmers LNA.

The behaviour of the P1dB points in Figure 3.18b (UMS), 3.19b (Chalmers)
and 3.20b (Qorvo) is different. It can be observed to be fairly constant versus
temperature for the UMS and Qorvo LNAs. A 1 dB reduction can be noted for
the Chalmers LNA as well as a local minima at 50 °C which is believed to be a
measurement error caused by e.g. calibration uncertainty. It is clear from these
measurements that studying the absolute output power properties with P1dB is
complex. Since P1dB is a strong function of the linear properties of the LNA, the
linearity temperature dependence has a great influence. Hence it is possible that the
LNA has the ability to output a very high power even though the 1 dB compression
occurs early. A better measurement for the absolute power properties of the LNAs
is the Psat value which is the power output level when the gain is reduced to zero.

A possible explanation of the constant behaviour of the P1dB measurement
is that the temperature dependence of the pinch off voltage is counteracting the
expected drain current reduction which would decrease the P1dB point. The mea-
surement is more easily seen in the power sweep curves for the specified frequency
(3 GHz) and quiescent bias point for each LNA. The power sweep for each temper-
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Figure 3.18: UMS LNA linear gain (a) and P1dB (b) versus Vg,T at Vd = 10 V.
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Figure 3.19: Chalmers LNA linear gain (a) and P1dB (b) versus Vg,T at Vd = 10 V.
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Figure 3.20: Qorvo LNA linear gain (a) and P1dB (b) versus Vg,T at Vd = 10 V.

ature can be seen in Figure 3.21a (Qorvo) and 3.21b (Chalmers) where the P1dB
point is marked in each curve. Clearly the overall power level is reduced with tem-
perature as can be predicted from the reduced gain. Furthermore, the P1dB point
can be seen to vary very little for the Qorvo LNA whereas it is reduced by several dB
for the Chalmers LNA. It is believed that this difference is due to changed linearity
properties for the Chalmers LNA which is caused by changing the bias point. The
bias point is defined in terms of drain current Id and drain voltage Vd and the drain
current is reduced for the Chalmers LNA. This can be seen in Figure 3.22b which
shows a reduction of roughly 30 mA in the drain current for the Chalmers LNA
when the temperature is increased from -25 °C to 75 °C. This will shift the class of
operation towards a class AB mode which is more nonlinear compared to the class
A mode. The P1dB point which is a point where nonlinear effects start to become
significant therefore decreases, indicating a reduced linear power span.

It can be seen in Figure 3.22a that the drain current is maintained versus tem-
perature for the Qorvo LNA and consequently, the P1dB point is affected to a much
smaller extent compared to the Chalmers LNA.
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Figure 3.21: Quiescent point power sweep curves at different temperatures at 3 GHz for the
Qorvo (a) and Chalmers (b) LNAs.
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Figure 3.22: Drain current at -25 °C and 75 °C for the Qorvo (a) and Chalmers (b) LNAs.

The final parameters to be evaluated versus temperature are the noise figure and
OIP3 measurements. Figure 3.23a, 3.24a and 3.25a shows the OIP3 of the UMS,
Chalmers, and Qorvo LNAs respectively. It can be observed from these plots that
linearity decreases in the order of 1 to 2.5 dB from -25 to 75 °C. A reduction in
OIP3 is a direct consequence from a reduction in the desired tone power level as
described in Section 3.1.3. Therefore, apart from seeing a reduction for the UMS
and Chalmers LNAs, a reduction in the OIP3 can also be seen for the Qorvo LNA.
This is more apparent at higher Vg values and is a difference compared to the P1dB
measurement.

Lastly, the noise figure is shown in Figure 3.23b (UMS), 3.24b (Chalmers) and
3.25b (Qorvo). Note that the x and y axes have been swapped in these figures for
visualization purposes. It can be seen that the thermal noise is strongly affected
by increasing temperatures as expected. The UMS has the largest increase in noise
figure followed by the Chalmers and Qorvo. The latter is seen to increase to 1.5 dB
from the quiescent point value of 1.3 dB. A possible measure to prevent this increase
of 0.2 dB is to bias the LNA in the minimum value of 1.1 dB in Figure 3.25b.
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Figure 3.23: UMS LNA OIP3 (a) and NF (b) versus Vg,T at Vd = 10 V.
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Figure 3.24: Chalmers LNA OIP3 (a) and NF (b) versus Vg,T at Vd = 10 V.

25

-2.2

27

29

75

O
IP

3
 (

d
B

m
)

31

-2.4 50

V
g
 (V)

33

T (°C)

35

25-2.6 0
-2.8 -25

(a)

0.9

75

1.2

1.5

50 -2.8

N
F

 (
d
B

)

1.8

T (°C)

2.1

-2.625

V
g
 (V)

2.4

-2.40
-2.2-25

(b)

Figure 3.25: Qorvo LNA OIP3 (a) and NF (b) versus Vg,T at Vd = 10 V.
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3.3.4 Temperature and Bias Dependence

A problem with surfaces in Section 3.3.3 is that the temperature dependence for the
full bias grid cannot be visualized simultaneously but is limited to a single drain
voltage. The surfaces in Section 3.3.2 on the other hand shows the entire bias grid
but do not take into account the temperature dependence. In this section the figures
in Section 3.3.2 are transformed to contours and are plotted for -25, 25 and 75 °C.
Because the noise figure surfaces are not very smooth surfaces, they are not shown
as contours in this section.

The gain showed the largest degradation with temperature in Section 3.3.3, this
should also be manifested in the contours. Figure 3.26 shows the linear gain contours
of the UMS, Chalmers, and Qorvo LNAs. The chosen contour levels is the quiescent
gain at 25 °C except for the UMS LNA. This is because the quiescent gain level
was not available at 75°C for this LNA and is therefore chosen 0.5 dB lower. Two
things should be noted in Figure 3.26. Firstly, the constant gain contour lines moves
towards higher Vd with increasing temperature and secondly, the largest steps are
taken by the UMS LNA followed by the Chalmers and Qorvo LNAs. It is clear from
the figure that in order to maintain the gain level over temperature, control over the
drain voltage is critical.

In contrast, gate voltage control alone is sufficient for the P1dB contour lines
which is shown in Figure 3.27. The previous observations from Section 3.3.3 are
verified in this figure which shows that the P1dB movement (temperature depen-
dence) is fairly small and that the Chalmers LNA moves more compared to the
other two. A similar behaviour can be seen for the OIP3 contour lines in Figure
3.28, hence, the movement is fairly small. The Chalmers and Qorvo LNAs show a
differency in tendency. The constant contour line for the Chalmers LNA can be seen
to move upwards for the Chalmers LNA whereas it moves to lower Vg values for the
Qorvo LNA. This is believed to be due to the small OIP3 and P1dB temperature
dependencies which would require too small steps in the Vg direction to be able to
distinguish a clear pattern.
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Figure 3.26: Contours of constant gain versus temperature for the three LNAs.
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Figure 3.27: Contours of constant P1dB levels versus temperature for the three LNAs.
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Figure 3.28: Contours of constant OIP3 levels versus temperature for the three LNAs.
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3.3.4.1 Dynamic Bias Demonstration

It is clear from Figure 3.26 that the constant level contour lines merely move to
other locations in the grid when the temperature changes. It it therefore possible
to have a certain parameter unaffected by temperature changes by moving the bias
point to the same location that the contour line moved to. In fact, infinite number of
solutions are possible since any point on the contour line gives the same parameter
value. This results in an optimization problem whose result will determine which of
the possible solutions gives the best overall performance of the LNA.

The following example shows how dynamic bias control can be used to keep the
gain level constant over temperature. Note that this example is not the optimum
solution with respect to all parameters. The optimal control case is not handled since
in involves setting restrictions and goals which are strongly application dependent.

Figure 3.29 shows the same contours for the Qorvo LNA as in Figure 3.26 but
with additional marked bias points. The quiescent bias point (BQ) can be seen to
be at the specified gain level as expected. As the temperature goes from -25 °C to
75 °C with the LNA biased at quiescent point, the gain is expected to decrease with
increased temperatures. If the bias point rather follows the proposed path in Figure
3.29, starting from B1 at T = −25 °C, to B2 at T = 25 °C etc, the gain will remain
constant.
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Figure 3.29: Gain contours of Qorvo LNA with bias control path (B1, B2 and B3) and quiescent
point gain (BQ).

The result of following the path in Figure 3.29 can be seen in Figure 3.30 (right
column). The figure clearly shows a constant gain level versus temperature as ex-
pected. The left column shows the constant bias situation hence the case where the
bias voltages are not changed. Clearly the changes for OIP3 and P1dB are quite
small as was concluded from Figure 3.27 and 3.28. For the controlled gain case
however, these parameters are increased approximately 3 dB with a slightly larger
variation between the bias points.

Furthermore, as could be predicted in Section 3.3.2, a higher gain is also associ-
ated with a higher power consumption. In this case, the gain control case requires
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a peak increase power consumption of 1.1 W.
Lastly, it can be seen how the noise figure is unaffected or even lower by following

the specific bias control path compared to the constant bias case. This means that
the Signal to Noise Ratio (SNR) in the receiver will be not be degraded as a result of
controlling the gain. On the contrary, it is more likely to be significantly improved
because of the enhanced linearity properties which resulted from the dynamic bias
control.
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Figure 3.30: Uncontrolled gain (left column) and controlled gain (right column).

If a reduced power consumption is desired, parameters such as noise figure will
deteriorate significantly and in the end trade offs between parameters have to be
made. It is also possible to have different modes of operation which are suitable
for different scenarios in e.g. a radar application. If the environment of operation
demands moderate performance from the radar, the LNA can operate in a low
power mode which provides moderate SNR with a controlled gain. Such a mode
of operation might however be insufficient in a more demanding environment such
as situations involving jamming signals and targets with small radar cross sections.
The RF Pulse Measurement section demonstrates one of these situations. In such
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situations, the noise level is expected to increase from nonlinear contributions in the
LNA as well as the presence of foreign RF signals. Therefore, maximum OIP3 is
required to minimize these contributions. This is achieved by maximizing Vg and Vd

which also will maximize the gain. This control of the bias would correspond to a
high performance mode of operation which, because of the much higher DC power
consumption, can only be used temporarily.

3.4 RF Pulse Measurement

It was demonstrated in Section 3.3.4.1 how dynamic bias control can be used to
prevent temperature degradation or even enhance the performance of any of the
four LNA parameters. As a consequence, the control scheme therefore becomes
applicable to a wide range of applications and situations. In this section, another
example of an application of dynamic bias control is presented where the method
is applied to the LNA recovery time study in [12]. In this study, the recovery time
of the gain is measured after subjecting the LNA to a high power Radio Frequency
(RF) pulse.

It was pointed out in Chapter 2 how trapped electrons reduces the current
in the channel between the AlGaN-GaN layers. In the case of the Galium Nitride
(GaN) High Electron Mobility Transistor (HEMT), the trapped electrons will create
a negative potential relative the 2-DEG and consequently decreases the number of
carriers in the 2-DEG, and hence the drain current. Furthermore, it is clear from
the gain figures in 3.9a to 3.11a that a decrease in Ids (Vg in the figures) will reduce
the gain drastically as the voltage reaches the pinch of voltage.

Figure 3.31 shows a high power RF pulse measurement for the Qorvo LNA with
the gate value at the quiescent voltage and a tuned value (-2.24 V). The peak input
pulse power (top plot) is 30 dBm during a pulse width of 10 µs. This level of input
power (which is close to the OIP3 level) drives the LNA far into compression and the
gain reduces to 0 dB as can be seen in the bottom plot. It can also be seen that after
the pulse, the gain for Vgq does not recover to the initial value until several hundreds
of µs after the pulse has ended. To ensure a total recovery, the pulse period was set
to 100 ms. During this time the receiver gain is at most 10 dB lower than expected
and the receiver cannot operate. On the contrary, for the tuned gate bias, it can be
seen that the gain is unaffected after the pulse has ended.

The reason is that the electrons trapped during the pulse manages to decrease
the current close to pinch off levels (where the gain is most sensitive) for the Vgq

bias. This is not the case for the tuned bias where the current is offset to a larger
value before the pulse starts and therefore has some margin to the region where the
gain starts to decrease.

This is consistent with the first of the conclusions drawn in [12] which state that
the gain recovery time can be mitigated at the cost of increased power consumption
and increased noise figure. Figure 3.17b shows that increasing the gate voltage leads
to a lower noise figure (1.32 to 1.27 dB). Hence mitigating the gain recovery will not
necessarily come at the cost of increased noise figure for the Qorvo LNA.
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Figure 3.31: High power RF Pulse Measurement with tuned and quiescent gate voltage.
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4
Summary and Conclusions

Important summarized results and conclusions are presented in the following bullet
paragraphs:
• The bias dependence measurements showed improvement possibilities for the

gain, output power, linearity and noise figure. The enhancement and control
of these parameters are possible without increasing the noise figure compared to
the static bias case. In the region beyond Vpinch, the dependence is different for
some parameters. The P1dB and OIP3 parameters showed a strong dependence
of Vg and the gain showed a stronger dependence of Vd. A notable process depen-
dence was seen for the gain and noise figure. The UMS LNA showed the most
invariant behaviour of Vg and Vd. Control over both Vd and Vg is required to be
able to improve all four parameters.

• The LNA temperature dependence measurements showed that increasing tem-
peratures in general deteriorates the performance parameters differently. The
gain and noise figure showed the largest performance decline. The largest gain
decrease was noted for the UMS and Qorvo LNAs. The reason for the process
differences lies within material properties and remains to be investigated further.
The OIP3 and P1dB measurements showed the smallest temperature decline due
to a maintained drain current caused by the drift in Vpinch.

• The movement of the contour lines is related to the level of degradation and
how the device responds to a change in bias. Because of this, the gain contour
steps of the UMS LNA were larger compared to the Chalmers and Qorvo LNAs.
Using the contour plots, a certain parameter can be kept constant by following
the steps taken by the contour lines. Improved performance comes at the cost
of increased power consumption and trade offs between parameters have to be
made. The increased power demand could amplify the thermal effects and cause
a thermal runaway. It is also possible to have different modes of operation which
are suitable for different scenarios. Preventing gain recovery effects is an example
of such a mode.

• Both a Schottky diode and mesa resistor can be used to determine the on-chip
temperature. However, the mesa resistor sensor is easier to use in practice since
the conditions for operation are less stringent. The mesa sensor showed reasonable
start and stop temperatures for a pulsed measurement. The Schottky diode was
not able to predict the correct start temperature. This is because it requires a very
stable bias voltage as well as raw characterization data (I versus V,T) for every
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individual. Variation in these factors caused larger problems for the Schottky
sensor regarding sensitivity compared to the mesa sensor. For both sensors, an
uncertainty is introduced when the same IV data is used as model basis for all
individuals. In the ideal case, each sensor should undergo a calibration procedure
where an IV temperature characterization is made and a model is extracted and
used to determine the measured temperature for the specific sensor.

• The best region to bias the mesa sensor for temperature measurements was at
the end of the linear region. This is mainly to avoid self heating effects but also
to achieve maximum sensitivity with a temperature dependence as constant as
possible. With the proposed I(T ) models, the mesa resistor gives a very linear
Im(T ) function which was less sensitive to voltage perturbations compared to the
Schottky diode. Furthermore, I ′m(T ) was confirmed to be very linear over a large
temperature span. The Schottky Im(T ) was a nonlinear function and it was more
sensitive to voltage perturbations. The current sensitivity was also nonlinear
which was evident in the temperature dependence measurements. The Schottky
IV characteristics indicate that VT is more linear with respect to temperature.
The Schottky diode is therefore believed to be a much better thermal sensor when
driven with a constant current source.

• It is crucial that the sensor is scaled down to give a quiescent current that falls
inside an appropriate current range of the current waveform analyzer. There
are no indications that this would lower the relative current sensitivity of the
sensors and it means that even smaller sensors, which would be more practical
to implement on a chip, should be possible to use.

• Light was observed to affect the measurement. These effects can cause a sys-
tematic error if the light environment for the IV characterization and operation
environment is different. In the ideal case, the light environment during calibra-
tion and later application is the same and is preferably a controlled environment
where the illumination of the GaN structure is minimized.

• The power pulses in the heaters gave a clear response from the mesa sensor for
distances 2-400 µm. The error in sensitivity is very small for the mesa sensor
which was proved by the responses from the 2 and 5 µm sensors. A way to min-
imize the sensitivity error is to make an IV characterization for every individual
and evaluate (2.6) and then tune Vb to make (2.6) as equal as possible for all
sensors. The Schottky sensitivity issues made a comparison of the magnitude of
the response at different distances meaningless. A similar delay however validates
the mesa measurements. For distance dependent measurements, the mesa sensor
is overall better suited.

• A lower temperature change was measured by the sensor when the measurement
was performed at lower temperatures. This is believed to be due to increased
thermal conductivity in the GaN and SiC layers. Because of this, the heat is
spread much easier in all directions in the GaN layers and the overall temperature
in the proximity of the heater (where the sensor is 2 µm away) is lowered.

• The modeling of the response made it possible to analyze the lateral transient
heat spread in the layer structure. The coefficients τ1−2 and A1−2 were related
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to the heat transfer in the GaN and SiC layers respectively. The primary path
of heat transfer was seen to occur in the GaN layer. It was observed that the
thermal conductivity was higher in the SiC layer compared to the GaN layer. It
is believed also that the thermal conductivity degrades faster in the GaN layer
compared to the SiC layer.
It is possible that more exponential terms can give more information about the
contributions to the third time constant. The first two time constants were
observed to increase with distance and temperature. A sensor placed further away
might therefore experience increased response time and it might take longer time
to reach a steady state. In a bias control situation this would lead to increased
time delay in the control loop.

• From a practical perspective the higher current response of the mesa sensor is
more practical in a real system since it requires less amplification. The mesa
sensor is also easier to implement since it does not require a gate metal. It is also
likely that the sensor can be made even smaller and be placed even closer to heat
spots on the chip.
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5
Future Work

The LNA study has shown that the concept works in theory and the initial mea-
surements in the GaN sensor study have shown very promising results. Future work
is summarized in the following bullet paragraphs:
• The raw measurement data for each LNA data is limited to discrete points and

suffers from measurement uncertainties. The usage of this data for dynamic bias
control purposes is unpractical and cannot be used for more precise control. It is
desirable to extract multivariable models from the measured data. Furthermore,
the models can be combined to find expressions for the SNR in the receiver.
The SNR is the most important parameter in radar situations and is directly
related to the Probability of Detection (PD) which then also can be predicted
and controlled.

• Nonlinearities in the LNA can increase the noise power significantly at higher
input power levels. The LNA measurements have shown that the linearity can
be significantly improved and it is therefore of high interest to investigate if the
SNR can be improved by dynamic bias control. This can be done by doing a
RF multitone measurement where the power on the input tones are swept from a
low to a high level and the output SNR is measured. This measurement is then
performed at appropriate bias points selected from the OIP3 measurement.

• The issue of increased heat levels from the increased DC consumption needs to be
studied carefully. The heating elements can produce long duration heat pulses.
These heaters can be placed close to a device and heat the DUT continuously. The
temperature should then be measured continuously as the device compensates for
the degradation caused by the pulses. Such a setup can give insight into how much
the DUT self heating further degrades the performance. In addition, long term
reliability studies have to be performed to investigate the long term effects of the
dynamic bias control scheme.

• The temperature of the sensor needs to be measured independently with a sep-
arate measurement device. This is preferably done with a heat camera that
captures the transient sequence of the pulsed measurement.

• The increased response time of the sensor is important from a control perspective.
It needs to be investigated how this affects the time to reach a steady state. This
can be done by performing measurements with the large heating elements over
very long distances and longer pulses.
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• The GaN layer structure can be set up in a simulation program such as COM-
SOL Multiphysics. The transients measurements can then be compared with
electrothermal simulations which should show a similar behaviour of the heat
spread.

• The modeling of the current response can be further improved. The expression for
the response is made of a step function and sequence function. The step function
handles the propagation delay but it makes the expression discontinuous and the
transition is not smooth which results in a bad curve fit in the transition region.
It is believed that other delay functions can improve this. In addition, it should
be investigated if adding more exponential terms is meaningful.

• It is also of interest to model the the current response of the Schottky diode. The
results regarding the propagation delay and heat spread in the layers should be
consistent with the results from the modeling of the mesa response. Furthermore,
the Schottky measurements should be performed with a voltage measurement
when operating the diode with a constant current. It is possible that the diode
can outperform the mesa resistor when operated this way.

• Lastly, it is of interest to understand to what extent light disturbances impacts
the temperature measurement results. A more careful study needs to be made
that investigates under what conditions a light disturbance becomes significant.
Such a study should also look into expose time and recovery time of the current.
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