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(ABSTRACT) 

Electronics are normally designed to operate at temperatures less than 125 oC. For high 

temperature applications, the use of those normal electronics becomes challenging and sometimes 

impractical. Conventionally, many industries tried to push the maximum operating temperature of 

electronics by either using passive/active cooling systems or tolerating degraded performance. 

Recently, there has been a demand for more robust electronics that can operate at higher 

temperature without sacrificing the performance or the use of any weighty, power hungry, complex 

cooling systems.  

One of the major industries that need electronics operating at high temperature is the oil and 

gas industry. Electronics have been used within the field in many areas, such as well logging 

downhole telemetry systems, power networks, sensors, and actuators. In the past, the industry has 

managed to use the existing electronics at temperatures up to 150 oC. However, declining reserves 

of easily accessible natural resources have motivated the oil and gas industry to drill deeper. The 

main challenge at deep wells for downhole electronics is the high temperatures as the pressures 

are handled mechanically. The temperature in deep basins can exceed 210 °C. In addition, existing 

well logging telemetry systems achieve low data transmission rates of less than 2.0 Mbps at depth 

of 7.0 Km which do not meet the growing demand for higher data rates due to higher resolution 

sensors, faster logging speeds, and additional tools available for a single wireline cable. The main 

issues limiting the speed of the systems are the bandwidth of multi-conductor copper cable and the 

low speed communication system connecting the tools with the telemetry modem. 

The next generation of the well logging telemetry system replaces the multi-conductor wireline 

between the surface and the downhole with an optical fiber cable and uses a coaxial cable to 

connect tools with the optical node in downhole to meet the growing needs for higher data rates. 

However, the downhole communication system between the tools and the optical modulator 



 
 

remains the bottleneck for the system. The downhole system is required to provide full duplex and 

simultaneous communications between multiple downhole tools and the surface with high data 

rates and able to operate reliably at temperatures up to 230 °C.  

In this dissertation, a downhole communication system based on radio frequency (RF) 

transmission is investigated. The major contributions of our research lie in five areas. First, we 

proposed and designed a downhole communication system that employs RF systems to provide 

high speed communications between the downhole tools and the surface. The system supports up 

to six tools and utilizes frequency division multiple access to provide full duplex and simultaneous 

communications between downhole tools and the surface data acquisition system. The system 

achieves 20 Mbps per tool for uplink and 6 Mbps per tool for downlink with bit error rate (BER) 

less than 10-6. Second, a RF front-end of transceiver operating at ambient temperatures up to 230 

oC is designed and prototyped using Gallium Nitride (GaN) high electron mobility transistor 

(HEMT) devices. Measurement results of the transceiver’s front end are reported in this 

dissertation. To our knowledge, this is the first RF transceiver that operates at this high 

temperature. Third, current-voltage and S-parameters characterizations of the GaN HEMT at 

ambient temperatures of 250 oC are conducted. An analytic model that accurately predicts the 

behavior of the drain-source resistor (RDS) of the GaN transistor at temperature up to 250 oC is 

developed based on these characterizations. The model is verified by the analysis and the 

performance of the resistive mixer. Fourth, a passive upconversion mixer operating at temperatures 

of 250 oC is designed and prototyped. The designed mixer has conversion loss (CL) of 6.5 dB at 

25 oC under local oscillator (LO) power of 2.5 dBm and less than 0.75 dB CL variation at 250 oC 

under the optimum biasing condition. Fifth, an active downconversion mixer operating at 

temperatures up to 250 oC is designed and prototyped. The proposed mixer adopts a common 

source topology for a reliable thermal connection to the transistor source plate. The designed active 

mixer has conversion gain (CG) of 12 dB at 25 oC under LO power of 2.5 dBm and less than 3.0 

dB CG variation at 250 oC. Finally, a novel high temperature negative adaptive bias voltage circuit 

for a GaN based RF block is proposed. The proposed design comprises an oscillator, voltage 

doubler, and temperature dependent bias controller. The voltage offset and temperature coefficient 

of the generated bias voltage can be adjusted by the bias controller to match the optimum biasing 

voltage required by a RF building block. The bias controller is designed using a Silicon Carbide 

(SiC) bipolar junction transistor.  



 
 

A High Temperature RF Front-End of a Transceiver for High 

Speed Downhole Communications  
 

Jebreel Mohamed Muftah Salem 

 

(GENERAL AUDIENCE ABSTRACT) 

A downhole communication system provides two-way communications for multiple tools 

located in a deep oil well. The main challenge for the downhole communication system as the oil 

wells get deeper is the high ambient temperatures as the pressures can be handled mechanically. 

The temperature in deep basins can exceed 210 °C. Cooling and heat extraction techniques with 

fans are impractical for downhole systems due to increased weight, power, and system complexity. 

In addition, the current downhole communication systems have low transmission speed, which do 

not meet the growing demand for higher data rates due to higher resolution sensors, faster logging 

speeds, and additional tools available for a single wireline cable.  

In this work, a downhole communication system based on radio frequency (RF) 

transmission is designed. The system supports up to six tools and provides high speed simultaneous 

communications which enable more sensors to be integrated in each tool. A high temperature RF 

front-end of the transceiver which will be connected to each tool is designed and prototyped using 

Gallium Nitride (GaN) semiconductor technology. GaN technology is selected due its ability to 

operate at harsh environment. The measurement results show a reliable performance for the RF 

front-end at temperatures up to 230 oC. To our knowledge, this is the first RF front-end that 

operates at 230 oC reported in the open literature.  

The proposed downhole communication system will enhance the speed and reliability of 

the oil and gas operations. This also will enable the industry to observe the wells and act in real 

time which in turns save operation time and bring a significant cost reduction in oil and gas 

operations. Most importantly, the proposed system will enable the industry to explore deeper 

untapped wells and add more features to the tools which were not possible before due to speed and 

high temperature limitations.
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 Introduction 

 

Traditionally, many industries tried to operate normal electronics at harsh environment by 

using costly methods such as passive/active cooling, or tolerating a degraded performance. 

Recently, there has been a demand for electronics that can operate at higher temperature with 

performance matches the one obtained at normal room temperature and without the use of weighty, 

power hungry, complex cooling systems. 

The advancement of the wide bandgap (WBG) semiconductor technologies pushes the limit 

for the maximum operating temperature [1]-[4]. Unlike the commonly used silicon technologies, 

the WBG technologies have almost zero leakage current at high temperatures and are thermally 

robust.  Further, they are more efficient and can have very low noise figure (NF), while achieving 

high gain and high linearity. Therefore, WBG technologies are the most promising technology for 

the high temperature applications. 

Furthermore, most of the high temperature research is focusing on power electronics and 

low frequency circuits and very little RF applications [5]-[12]. Currently, high temperature RF 

circuits are mostly used for Radar design and at temperatures up to 125 oC and usually used with 

one of the cooling techniques [13]. RF systems capable of operating at high temperatures can open 

the horizon for many more applications and resolve many challenges that industries face. 

1.1 High Temperature Applications 

There are many applications where high temperature electronics (HTE) are needed. 

Generally, any hot environment with ambient temperature above 125 oC and require operation for 

long hours is considered an area for a high temperature application. The oldest user of high-

temperature electronics is the downhole oil & gas industry. In this application, the operating 

temperature is a function of the underground depth of the well. Worldwide, the typical geothermal 

gradient is 25 oC/km depth, but in some areas, it is greater [13]. In the past, drilling operations 
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have reached their limit at temperatures of 150–175 oC, but advancing technology has motivated 

the oil and gas industry to drill deeper, as well as in regions of the world with a higher geothermal 

gradient. In this field, high temperature electronics can be applied to communications among the 

tools and RF sensing. 

The other important application for HTE is the avionics and aerospace [13]-[16]. 

Traditionally, engine monitoring and control is a centralized architecture. Many sensors and 

actuators are placed near the hot engine and connected with heavy hard-wire that has hundreds of 

conductors to a controller placed at cooler environment. Moving to wireless system or a distributed 

control system places the engine control and electronics close to the engine which in turns can 

reduce the complexity of the interconnections and the system. This transition can save hundreds 

of pounds of aircraft weight [13].  

Space mission also another important application for HTE. NASA has been working on 

developing high temperature wireless RF communications to support Venus missions [1]. 

Temperature in this application can exceed 480 oC. 

Moreover, HTE can be applied to other areas such as automobile [17]-[18], process 

monitoring, and geothermal fields [19]. Reliable electronics that provide performance independent 

of temperature without adding any extra cooling systems can reduce the cost significantly and open 

the horizon to new features and applications for many industries. 

1.2 Well Logging System 

In oil and gas exploration, the sophisticated downhole instruments are lowered into a harsh 

environment well to acquire data about the surrounding geologic formations. This practice, known 

as well logging, measures resistivity, radioactivity, acoustic travel time, magnetic resonance, and 

other properties to determine characteristics of the formation, such as lithology, porosity, 

permeability, and water/hydrocarbon saturation [14]. The sensed data is either recorded in a 

memory or sent in real time to the surface. For real time transmission, tools convey data to the 

surface via downhole telemetry system. The data transmission between the surface and the tools in 

downhole is asymmetric since most of the data is transmitted from the tools to the surface and little 

data, mostly commands, calibration, and updates, is transmitted from surface to the downhole tools. 

Next sections elaborate on the conventional and future telemetry systems for well logging. 
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1.1.1 Conventional Telemetry System for Well Logging 

The current telemetry systems achieve data rates of only approximately 2 Mbps with cable 

length of less than 7.5 Km  and at temperatures up to 150 °C [21]-[22]. This speed fails to meet the 

growing demand for higher data rates due to higher resolution sensors, faster logging speeds, and 

additional tools available for a single wireline cable.  

Figure 1.1 shows the block diagram of the existing telemetry system for well logging. The 

current telemetry system uses multi-conductor copper wireline to provide real time 

communications between the surface data acquisition system and downhole tools  [21]-[22]. For 

example, in [22], the multi-conductor cable is configured to multiple orthogonal modes that carry 

telemetry signals, DC power and AC power. Two modes are being used for telemetry. Each 

telemetry mode has bandwidth of less than 300 KHz. Asymmetric digital subscriber line (ADSL) 

technique is used to achieve a maximum data rate of 2 Mbps with both modes at cable length of 

7.5 Km. However, data transmission rates are still lagging behind the high data rates and high 

resolution sensors and tools. The main issues for the current system limiting the speed of the 

systems are the bandwidth of multi-conductor copper cable and the low speed communication 

system connecting the tools with the telemetry modem. The maximum bandwidth of the multi-

conductor cable is less than 300 kHz for each mode at cable length of 7.5 Km and the bandwidth 

shrinks further as cable length increases to reach deeper wells.  

The other important challenge for the current downhole telemetry system is high temperature, 

as the pressure can be handled mechanically. The temperatures in deep basins can exceed 210 °C, 

but the current drilling operations are still around 150 °C [21]-[23]. This is due to the fact that the 

current electronics used in these systems can operate only up to 150 °C before being retrieved from 

the well [13]-[25]. Cooling and conventional heat extraction techniques with fans are impractical 

due to increased weight, power consumption, and added complexity. A more robust and high speed 

telemetry system that can tolerate higher temperatures becomes necessary.  
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Figure 1.1: Block diagram of a conventional telemetry for well logging. 

1.1.2 Next Generation Telemetry for Well Logging 

The future telemetry system replaces the multi-conductor copper with optical fiber cable to 

overcome the bottleneck of the current system. The optical fiber has many advantageous over the 

copper cables. It is, simple to fabricate, less expensive and has 10,000-time larger bandwidth. With 

improvement of optical cable capability to operate reliably at high temperature, it becomes feasible 

to use for well logging telemetry [26]. However, optical fiber sensors are still expensive compare 

with the electrical sensors and optical fiber need to operate with electrical sensors and tools. 

Therefore, tools are connected to coaxial cable then interfaced with optical link [27].  

Figure 1.2 shows the projected well logging system with multiple tools using hybrid fiber 

coaxial telemetry. An optical fiber cable ranging from 5 to 15 Km connects the surface with 

downhole electro-optical convertor. Then, tool bus, a coaxial cable that can operate at ambient 

temperature of 250oC, connects multiple tools with an electro-optic modulator. The tools should 

communicate simultaneously with the surface. The communication between the surface and 

downhole is asymmetric. Large data is from the downhole to the surface and relatively smaller 

data from surface to the downhole.  



5 
 

S
en

so
r

s

Coax Cable

Power Line

PCB 

Board

Cable 

Modem

Downhole Tools Connected 

Via Coaxial Cable

Optics   RF Modulator

Fiber Optic Cable (5-13 Km)

 

Figure 1.2: Projected hybrid fiber coaxial telemetry for well logging. 

1.3 Research Scope and Contributions  

The research work of this dissertation was to design a RF front-end for high temperature 

application and particularly for downhole communications. The major objective of this research is 

to propose RF system that can provide high performance with higher speed for downhole 

communications, design RF transceiver’s building blocks that can operate at high temperature, and 

prototype the RF transceiver and measure its performance at high temperature. The main research 

contributions for this dissertation work as follows. 

First, we proposed and designed a downhole communication system that employs RF as a 

communication mean. The system supports up to six tools and utilizes frequency division multiple 

access to provide full duplex and simultaneous communications between downhole tools and the 

surface data acquisition system. The system can achieve 20 Mbps per tool for uplink and 6 Mbps 

per tool for downlink with bit error rate (BER) less than 10-6. 

Second, GaN based RF front-end of transceiver operating at ambient temperatures up to 230 

oC is designed. Measurement results of the transceiver front-end are reported in this dissertation. 

To our knowledge, this is the first RF transceiver front-end that operate at this high temperature. 

Figure 1.3 shows the prototyped high temperature GaN based transceiver. 
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Third, current-voltage (IV) and S-parameters characterizations of a GaN HEMT at ambient 

temperatures of 250 oC are conducted. An a nalytic model that can predict the behavior of drain-

source resistance (RDS) is developed. The model is verified by the analysis and the performance of 

the resistive mixer. 

Fourth, a tradeoff between the power dissipation of the GaN device and maximum ambient 

operating temperature is identified through thermal analysis. The analysis is conducted on a 

packaged GaN device with PCB using ANSYS Icepak. With the thermal analysis, we identified 

the maximum power limit that can GaN transistor consume to operate below the maximum 

junction temperature at elevated ambient temperature of 230.0 oC. The simulated results are 

reported is this dissertation. 

Fifth, a passive mixer operating at ambient temperatures of 250 oC is designed and prototyped. 

The mixer adopts resistive topology that utilizes the channel resistance as mixing element. 

Temperature effects on the conversion loss is analyzed, and the bias voltage that provide optimum 

conversion loss is predicted through the analysis. The predicted optimum biasing is verified with 

the measured results. The designed mixer has conversion loss (CL) of 6.5 dB at 25 oC under local 

oscillator (LO) power of 2.5 dBm and less than 0.75 dB CL variation at 250 oC under optimum 

biasing. 

Sixth, an active downconversion mixer operating at temperatures up to 250 oC is designed and 

prototyped. The proposed mixer adopts a common source topology for a reliable thermal 

connection to the transistor source plate. The designed active mixer has conversion gain (CG) of 

12 dB at 25 oC under local oscillator (LO) power of 2.5 dBm and less than 3.0 dB CG variation at 

250 oC. 

Last but not least, a novel high temperature adaptive biasing circuit for GaN based RF block 

is proposed. The proposed design encompasses an oscillator, a voltage doubler, and a bias voltage 

controller. The circuit provides a negative voltage temperature dependent. The output of the bias 

voltage controller is function of the VBE of the SiC bipolar junction transistor utilized by the circuit. 

The voltage level and the temperature coefficient (TC) of the generated bias voltage can be 

controlled by the resistors ratio of the bias controller to match the bias voltage required by an RF 

building block. The simulation results show that the TC of the generated bias voltage matches 
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closely the TC of the optimum bias voltage required by the resistive mixer at temperatures up to 

250 oC.  

 

Figure 1.3: Prototype of the high temperature GaN based RF front-end. 

1.4 Dissertation Outline 

The dissertation is organized as follows; Chapter 2 discusses the necessary preliminaries in 

regards to the research proposal. Some theoretical background and advantages of radio over fiber 

(RoF) system are presented, followed by a brief survey on RoF components for high temperature 

applications. The components investigated are optical fiber, lasers and photodetectors, and 

modulators. Next, RF transceivers that can operate at high temperature is reviewed. Finally, the 

temperature effects on the main aspect of the transceiver performance is discussed. The chapter 

gives insight into the design philosophy for RF front-end transceiver for next generation of 

downhole communication. This background is necessary to prepare for the system design that will 

be presented in the next chapter. 
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In chapter 3, a downhole communication system architecture is proposed. Next, a 

characterization for the channel employed in downhole is presented. Then, based on the channel 

characterization, frequency planning for the transmit and receive paths is proposed. Then, 

transceiver architecture is introduced. Superheterodyne transceiver architecture is adopted for the 

design. Subsequently, a link budget calculation to find the component specifications is performed. 

After obtaining the initial specifications of the transceiver’s building block, the downhole 

communication system is modeled and implemented in AWR simulation tool to verify its 

performance. Then, the components specs are optimized to provide a data rate of 20 Mbps per tool 

with BER of less than 10-6. The total number of tools included in the design is six. Then, the 

simulation results with optimized specifications are present. Finally, a summary of the minimum 

specifications for the RF transceiver’s building blocks is presented. With these minimum 

specifications, the designed downhole communication system provides a full duplex 

communication with 20 Mbps per tool using 64 quadrature amplitude modulation for six tools with 

BER less than 10-6. 

After obtaining the building blocks’ specifications, the technology option to realize these 

blocks is investigated in chapter 4. Qorvo GaN HEMT technology is selected since it has the 

highest junction temperature. This technology is intended for high power amplifiers. High power 

dissipation can rise the junction temperature to 275 oC at room temperature. We used these 

transistors to design our transceiver’s building blocks at low power but at high temperature. Since 

these transistors are characterized only at temperatures less than 85 oC, a new characterization at 

high temperature is needed. First, we reviewed the open literature to study the impact of 

temperature on GaN characteristics. Next, high temperature characterization setup is introduced. 

Then, we performed characterization on the Qorvo GaN HEMT devices at temperatures up to 250 

oC. The temperature effects on drain current, transconductance, small signal parameters, and drain 

resistance is highlighted. Finally, a high temperature model that predicts the behavior of RDS at 

temperatures up to 250 oC is developed. 

In chapter 5, the design and analysis of the building blocks are introduced. First, we presented 

high temperature design consideration that include the thermal analysis for the packaged device 

along with a PCB/heatsink, and passive component selection. Then, we elaborated on the resistive 

mixer design which is used in the transmitter design as upconverting stage. Detailed analysis with 



9 
 

measurements validation is presented. The analysis is conducted using the high temperature RDS 

model was developed in chapter 4. Furthermore, the bias voltage that provides the optimum 

performance at a wide temperature range is predicted using the analysis and verified though 

measurements. Next, the active mixer which is used in the receiver as a downconversion stage is 

also elaborated.  The impact of temperature on conversion gain and noise figure is highlighted. 

Then, bias voltage for the optimum conversion gain and noise figure performances at a wide 

temperature range is identified through measurements. Then, analysis and measurements for the 

low noise amplifier, signal generator, power amplifier, filters and diplexers building blocks are 

presented. Finally, a novel adaptive biasing circuit for depletion mode GaN based RF building 

block is proposed. The concept is first explained through block diagram. Then, the circuit 

implementation and temperature analysis is presented. The performance is verified through 

simulation. The compensation circuit provide temperature dependent bias voltage that closely 

matches the optimum bias voltage required by the resistive mixer. The temperature coefficient of 

the output bias voltage can be easily adjusted by changing the resistors ratio of the controller. 

Chapter 6 introduces the transceiver prototype and the measurement results at a wide 

temperature range. First, the high temperature measurement setup is described. Then, the measured 

results of the signal generator performance at a wide temperature range and different carrier 

frequencies are presented. Subsequently, the measured results of the receiver are reported. The 

measurement results include bit error rate (BER), error vector magnitude (EVM) performances 

with 16 QAM, 64 QAM and 128 QAM at 25 oC, 150 oC and 230 oC. Next, the measured results of 

the transmitter are presented. The measurement results include EVM and adjacent channel power 

ratio (ACPR) performances with 16 QAM, 64 QAM and 128 QAM at 25 oC, 150 oC and 230 oC. 

These results prove the feasibility of using the RF transceiver for downhole communications and 

high temperature applications.  

Chapter 7 summarizes and concludes the work presented in this dissertation. The research 

presented here is a first-of-its-kind proposal and consequently work can be continued in several 

different areas of concentration. New and exciting applications can be imagined with high 

temperature RF circuits and systems.  
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 Preliminaries 
 

This chapter discusses the necessary preliminaries in regards to downhole communication 

system design. Some theoretical background and advantages of radio over fiber (RoF) system are 

presented, followed by a brief survey on RoF components for high temperature applications. The 

components investigated are optical fiber, lasers and photodetectors, and modulators. Next, RF 

transceiver that can operate at high temperature is reviewed. Finally, the temperature effects on 

the main aspect of the transceiver performance is discussed. The chapter gives insight into the 

design philosophy for RF front-end transceiver for next generation of downhole communication. 

This background is necessary to prepare for the system design that will be presented in the next 

chapters. 

2.1 Radio over Fiber System 

The underlying principle of radio over fiber (RoF) transmission is that it involves conveying 

analog radio signal through an optical fiber link. The radio signal is used to modulate the lightwave. 

Figure 2.1 shows the diagram of the radio fiber link. The baseband signal processing stage 

generates a modulated signal (e.g. QAM). Subsequently, a radio frequency (RF) upconversion 

stage produces the RF signal, which is applied to the optical link using the electronic-to-optical 

converter (e.g external optical modulator). At the receiving end, the RF signal is recovered from 

the optical-to-electronic converter (a photodiode). Then, the recovered RF signal is down 

converted to a baseband signal. Finally, the baseband signal processing stage at the receiver side 

demodulate and recover the original signal. 
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Figure 2.1: Block diagram of a typical radio over fiber system. 
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 The main advantage of the radio over cable system is that it enables multiple transceivers 

to have simultaneous full duplex communications through one coaxial cable and one optical fiber, 

which is desirable for a well logging system with multiple tools. The second main advantage is 

that RoF requires lower link bandwidth to achieve high data rate and this is achieved using 

bandwidth efficient analog modulation techniques [30]. Therefore, the radio of fiber approach is 

adopted for the proposed downhole communication system. 

2.2 RoF Components for High Temperature Applications 

The key components for the RoF are optical fiber, optical source, optical modulator, 

photodiodes and RF transceivers. There have been commercially available optical fiber cables 

operating at high temperature.  AFLGloble in [31] offers variety of optical fiber cables that can 

operate up to 300 oC with low attenuation at different wavelengths. Optical sources, on the other 

hand, are very sensitive to temperature and their wavelength deviates substantially with 

temperature. These sources normally located at the surface, where the temperature is fixed at 25 

oC, and a pure light signal is sent from the surface to the downhole external optical modulator. 

Then, the optical modulator utilizes the pure light signal received from the surface to modulate the 

downhole RF signals and send it to the surface.    

Optical modulators that operate at high temperature have been recently reported. In [32] 

characterizations for graphene RF optical modulator at temperatures up to 145 oC are reported. 

The modulator shows a stable performance up to the specified temperature. In [33], a high 

sensitivity Mack-Zehnder interferometric that operate at high temperature is reported. The 

modulator was placed inside a furnace and tested up to 400 oC. The results show the modulator 

has 0.070 nm/oC temperature sensitivity at 25 to 400 oC.  

Photodetectors devices based on conventional Si semiconductors are usually unable to 

operate in high temperature environment. However, photodetectors based on wide bandgap 

technologies can provide much better capabilities at high temperature. In fact, Clairexa 

Technologies, Inc has commercially provided high temperature AlGaAS photodetectors that can 

operate up to 225 oC [34]. There is also research in utilizing GaN technologies to fabricate 

avalanche photodetectors [35]. GaN technologies offer much higher temperature capabilities. 
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Although there are numerous RF transceiver that can operate at room temperature such as 

[36]-[38], very few transceivers that operate at temperatures up to 90 oC exist [39]. In [39], a -90 

dBm sensitivity transceiver operating at temperature up to 90 oC is reported.  All of these designs 

are fabricated in Si CMOS technologies which suffer from high leakage currents at high 

temperature. These leakage currents cause latch up and eventually damage the design. In our 

research, we design a transceiver using a wide bandgap GaN HEMT technology that endures high 

temperature environment.    

2.3 Subcarrier Multiplexing 

Optical subcarrier multiplexing (SCM) is a scheme where multiple signals are multiplexed 

in the radio frequency (RF) domain and transmitted by a single wavelength. The major advantage 

of SCM is that RF devices are more mature than optical devices [40]; the stability of a RF oscillator 

and the frequency selectivity of RF filters are much better than their optical counterparts. In 

addition, the low phase noise of RF oscillators makes coherent detection in the RF domain easier 

than optical coherent detection, and advanced modulation formats can be applied easily [40]. SCM 

has been widely used in analog cable television (CATV) distribution. Due to its simplicity and 

low-cost implementation, SCM has also been proposed to transmit multichannel digital optical 

signals using direct detection [41], [42] for local area optical networks. In the proposed downhole 

communication system, the RF carriers will be used by the tools to transmit and receive data via 

coaxial cable.  Then, these signals with different RF carrier frequencies are combined at the coaxial 

cable and optically transmitted to the surface using an optical modulator. 

2.4 RoF System Characterization 

RoF links may be characterized using typical analog RF system performance parameters 

[41]-[46]. The RoF link may be considered a subsystem in a larger RF system, to which an RF 

signal is input and from which an RF signal is output, as shown in Figure 2.2. 

For a directly modulated laser link, the RF waveform is used to modulated the current 

through a semiconductor through a semiconductor laser, which in turns modulates the intensity of 

the emitted light from what corresponds to the radio to optical modulator in Figure 2.2. The 

intensity of light thus depends on the amplitude of the RF input signal. Externally modulated RoF 

link transmitters using Mach-Zehnder modulator (MZM) or electro-absorption modulator (EAM) 
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also produce light output power modulation dependent on the amplitude of the RF signal, although 

in these cases the modulation is induced by a voltage applied to the modulator. In photodiode 

receivers, the incident light power is converted to a photocurrent, so the RF signal amplitude is 

dependent on the light intensity. Thus, overall, an ideal RoF link is linear [41]. A link gain can be 

defined for the intrinsic RoF link which relates the RF output power from the optical-to-electronic 

converter to the RF input power to the electronic-to-optical converter. Because of the conversions 

from amplitude to power and power to amplitude, it should be noted that loss in the optical domain 

causes the square of this loss for the RF signal – thus a 3 dB optical fiber loss will cause a 6 dB 

RF loss. The overall RoF link small-signal gain is then also dependent on the “conversion 

efficiencies” of the electronic-to-optical and optical-to-electronic converters. 
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Figure 2.2: A radio over fiber link as subsystem of a large system 

For an MZM externally modulated link, the gain is given by [45]: 

𝐺𝑒 = (
𝑃𝑜𝑝𝑡𝜂𝑀ℜ

𝐿𝑜𝑝𝑡𝐿𝑀
)

2
𝑍𝑖𝑛

𝑍𝑜𝑢𝑡
        (2.1)  

where Popt is the input optical power to the modulator, Lopt is the loss of the optical link, ηM is the 

slope efficiency of the modulator at the operating point (V-1), LM is the modulator optical insertion 

loss, ℜ is the photodiode responsivity (A/W), and Zin and Zout are the input and the output 

impedances as shown in Figure 2.2. For an MZM, the slope efficiency is given by [45]: 

𝜂𝑀 =
𝜋 𝑐𝑜𝑠 𝜙

2𝑉𝜋
      (2.2) 

where Vπ is the modulator half-wave or switching voltage and ϕ represents the modulator bias 

point relative to the quadrature bias.  
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What notable in Eq (2.1) is that link gain can be increased by increasing the input optical 

power. However, in downhole communications the optical power remotely pumped and depends 

on the fiber cable characteristics and length. Also, the photodiode responsivity and the efficiency 

of the optical modulator drop as temperature increases and their temperature effect should be 

considered in designing the RoF link. 

Another important parameter should be considered is the noise figure, NF, of the RoF link 

and it can be expressed as following [41]: 

𝑁𝐹 = 10 log
𝑁𝑜

𝑁𝑖𝐺𝑒
     (2.3) 

where No is the output power and Ni is the input noise power, which is typically given by Ni = 

K×T×B, where K is Blotzmann’s constant, T is ambient temperature, and B is the noise bandwidth. 

Ge is the link gain using the external modulator. Therefore, the optical link gain (or loss) impact 

on noise figure performance will be a significant factor in link performance. Additional noise in 

the output will arise from photodiode noise and the laser relative intensity noise and thermal noise 

and photodiode shot noise in the receiver, particularly as ambient temperature increases.  

A low noise pre amplifier can be used for small signal levels to improve the noise 

performance. With sufficient gain, through the well-known effect expressed by the Friis cascade 

equation for system noise factor, the overall system noise factor, Fsys, can be reduced. The Friis 

equation can be expressed as following: 

𝐹𝑠𝑦𝑠 = 𝐹1 +
𝐹2−1

𝐺1
+

𝐹3−1

𝐺1𝐺2
+ ⋯     2.4 

where F1 and G1 are the noise factor and the gain of the first stage of the system and F2 and G2 are 

the noise figure and the gain of the second stage of the system.  

 The abovementioned equations show dependence on the frequency of the RF signal for 

any real RoF link. Laser and modulator slope efficiencies and photodiode responsivity exhibit 

frequency dependence, and although optical fiber loss does not depend on the RF frequency, the 

effective loss will have some dependence due to fiber dispersion. Evidently, impedance 

mismatching with frequency will also cause gain variations. 
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Nonlinear effects, such as saturation of components, can be expected. As with typical RF 

system performance [47], these effects can be represented using the compression point, harmonic 

and intermodulation distortion intercept points, and the dynamic range of the RoF link. These 

parameters are shown in Figure 2.3, which represents a typical plot of output power against input 

power for an analog system, such as a RoF link. 

The dynamic range of the system can be defined as the ratio between the output 

compression point and noise floor (compression dynamic range) or as the ratio of the signal 

(fundamental) power at which distortion products increase above the noise floor and the signal 

power at which it becomes discernible above the noise floor, the spurious-free dynamic range 

(SFDR). 

 

Figure 2.3: Typical plot of output power against input power for an analog RF system, showing 

compression point, intercept points, noise floor and dynamic range. 

When data is modulated onto the RF signals, system performance can be characterized in 

terms of the quality of the received data. In common with digital systems, a bit-error ratio (BER) 

can be used and can be related to signal-to-noise ratio (SNR). However, in systems using complex 

multilevel modulation schemes, wireless system standards often specify the performance in terms 

of the errors in the received signal constellation points compared to the ideal constellation points. 

Error vector magnitude (EVM), the ratio of the mean error power to the mean peak power (the 

power at the outermost signal constellation point), is used here to evaluate the system performance. 
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2.5 Chapter Summary 

In this chapter, we discussed the necessary preliminaries to downhole communication 

system design. RoF system background and advantages were presented, and it is followed by a 

brief survey on RoF components for high temperature applications. The components investigated 

were optical fiber, lasers and photodetectors, and modulators. Next, RF transceiver that can operate 

at high temperature is reviewed. Finally, RoF system characterizations with emphasis on downhole 

applications were discussed.  
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 Proposed Downhole Communication 

System Design 
 

This chapter describes the architecture of the proposed downhole communication system. 

First, a characterization for the channel employed in downhole is presented. Next, the radio 

frequency (RF) transceiver architecture is introduced. A superheterodyne transceiver architecture 

is adopted for the design. Based on the channel characterizations and the transceiver architecture, 

frequency allocations for the transmit and receive channels are then proposed. Subsequently, a link 

budget calculation to find the transceiver’s building blocks specifications is performed. After 

obtaining the initial specifications of the transceiver’s building blocks, the proposed downhole 

communication system is implemented in AWR simulation tool to verify its performance. Then, 

the simulation results for the system with optimized specs are present. Last but not least, a 

summary of the minimum specifications of the transceiver’s building blocks is presented. 

3.1 System Architecture  

The system employs SCM technique which uses a single optical single side band (OSSB) 

source for all RF signals. The RF frequencies can be combined and split at each end of the RoF 

link using passive components. Figure 3.1 shows the architecture of the full downhole 

communication system. The surface system is the shaded part and it operates at room temperature. 

The surface system is out of scope of this work. The downhole system is the highlighted part and 

it operates at a wide temperature range. In the downhole, multiple tools share one coaxial cable to 

convey the information to the surface through RoF link. The signals from the tools are injected to 

the coaxial cable through power combiner then amplified before it is fed to the external optical 

modulator which in turns send the combined signals (multiplexed signal) optically to the surface. 

The downlink modulated optical signal is converted to RF signals at the downhole using a 

photodiode and an RF front end receiver at each tool selects the assigned carrier frequency. The 

uplink and downlink channels are separated using diplexers to minimize the potential channel 

interferences. The architecture also incorporates a low-noise preamplifier before the external 
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modulator to reduce the noise figure effects of the optical link and post-amplifier after the 

photodiode to increase the RF signal power to an appropriate level required by each tool. 
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Figure 3.1: The architecture of the proposed downhole communication system. 

3.2 Downhole Communication Channel 

The downhole channel is a high temperature coaxial cable connecting tools along the line 

with diplexer before the optical node. The specified coaxial cable has characteristic impedance, Zo 

of 50 Ω and it is 30 meters long [48]. The coaxial cable is intended to connect up to six tools. For 

this purpose, the coaxial cable is divided to multiple 5 meters’ segments. Total of six segments 

connected together with five 3 dB power dividers are characterized at different frequencies. From 

s-parameters measurements, it is found that each segment has 3.4 dB loss at frequency of 250 MHz 

and the loss increases as the frequency increases. The overall attenuation at the last segment in the 

line is 42.0 dB at 250 MHz including the insertion loss resultant from power dividers/combiners 

and diplexers. Figure 3.2 shows the characterization of one segment and six segments of the 

coaxial cable. One segment represents the minimum distance between the first tool and the optical 

node and the six segments represent the distance between the last tool in the line and the optical 

node. 
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Figure 3.2: The downhole channel characterizations. Blue curve is the response for one segment 

of 5 meters and red curve is the response of the total six segments plus the loss of the power 

dividers/combiners. 

The downhole channel imposes a tradeoff between the cable attenuation and the maximum 

frequency can be used by the system. Operating at high frequencies allows for small size boards 

and designs, with price of increasing attenuation. For this system, the frequency band from 200 to 

300 MHz is chosen since the frequency is high enough and offers a reasonably low path loss. 

3.3 Proposed RF Transceiver 

Figure 3.3 shows the architecture of a single stage superheterodyne transceiver adopted for 

the downhole communication system. The transceiver enables a tool to transmit the sensed data to 

the surface system through the coaxial cable and optical fiber using a specific channel and receive 

a signal from the surface through the same medium but at a different channel. The main advantage 

for this transceiver is its simplicity. Also it is insensitive to DC offset and IQ mismatch that occur 

in the direct conversion transceiver, which deteriorate further at high temperatures.  The 

transceiver consists of a diplexer that separates the uplink and downlink bands and connects the 

transceiver to a 50 Ω coaxial cable. In the receiving path, first comes the low noise amplifier (LNA) 

then the image band pass filter. The main role for this filter is to filter our any intermodulation 

products that might be produced from the LNA and to reject any VCO frequencies leaked through 

the mixer. The intermediate frequency (IF) band pass filter is used to select the desired channel. 

Then, an automatic gain control stage (AGC) with variable gain amplifier (VGA) is to mitigate 

any gain variations due to the cable length and temperature variations and ensure an appropriate 

signal level to the baseband stage. In the transmitting path, IF amplifier boosts the signal to an 
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appropriate level. Then, the IF band pass filter ensures a clean IF signal delivered to the mixer. 

Subsequently, the mixer upconverts the IF signal to RF signal after mixing it with the LO 

frequency. Then, the power amplifier amplifies and delivers the upconverted RF signal to the 

coaxial cable through the diplexer after the RF filter removes the undesired mixing products. In 

this transceiver, the same LO frequency is shared by the transmitter and receiver. Therefore, two 

different IF frequencies for the down-conversion and up-conversion are specified.  
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Figure 3.3: The superheterodyne transceiver adopted for the downhole communication system. 

3.4 Frequency Planning and Allocation 

Before designing the RoF link, uplink and downlink frequency bands are proposed. Based 

on the downhole channel characterizations, these bands offer minimal attenuation while offering 

a wide bandwidth per tool and allowing for relatively smaller designs. Also, choosing this VHF 

bands has the advantages of using laser transmitters and photodiode receivers that operate at RF 

frequencies while reducing the effects of fiber impairments, most notably that of chromatic 

dispersion [41]. 

Figure 3.4 shows the proposed uplink and downlink frequency bands. The lower frequency 

band is specified to the uplink since this band has lower attenuation and the uplink requires higher 

SNR for the higher order modulation schemes (64 QAM and 128 QAM). The downlink carries 

relatively smaller data and uses low order modulation schemes (BPSK and QPSK). Each band has 

six channels and each channel has 4 MHz bandwidth. The guard bands are typically between 10 

% to 25 % of the channel bandwidth in order to minimize the adjacent channel interference [49]. 
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For our design, guard bands of 0.8 MHz among the channels are specified. The guard band between 

the uplink and downlink bands is 6.0 MHz. The first channel of the band is assigned to last tool 

which is tool #6, and the last channel which is number 6 is assigned to the first tool.  

The local oscillator (LO) is shared by the transmitter and the receiver which leads to having 

two intermediate frequencies (IF) for the transmit and receive paths. Before the LO frequency is 

specified, the IF frequencies are determined. The IF frequencies are chosen so that the image filter 

design is relaxed and possible in-band interferences caused by strong uplink and downline tones 

are minimized. To ensure that a such problem cannot happen, the uplink and downlink IFs (FIF) 

are determined based on the following equation [49]:  

𝐹𝐼𝐹 > 2𝑓𝐵𝑊 + 𝐵𝑠 

where fBW is the bandwidth of the uplink/downlink bands and Bs is the guard band between 

the uplink and downlink bands. For our design, fBW is 28 MHz and Bs is 6.0 MHz which both leads 

to minimum FIF of 62 MHz. We selected 62.5 MHz as the IF for the downlink band. The LO 

frequencies are selected to be high side injection which results a LO frequency range from 328 

MHz to 352 MHz. Since the LO is shared between the transmitter and the received, the uplink IF 

is determined to be 97.5 MHz.  

62.5 97.5

IF Uplink IF Downlink 

230.5 235.3 240.1 244.9 249.7 254.5

4 MHz 0.8 MHz

265.5 270.3 275.1 279.9 284.7 289.5

Uplink Band Downlink Band
4 MHz 0.8 MHz

f (MHz)
328 332.8 337.6 342.4 347.4 352 

LO Frequncies

= 28 MHzf
BW

= 28 MHzf
BW

= 6 MHzBS

 

Figure 3.4: Frequency allocations. 

3.5 RoF Link Design 

Each channel in RoF link must be designed to satisfy the requirements of the downhole 

system. These links consist of electrical preamplifier, optical source, optical fiber and distribution 

network, and optical receiver. The performance of the optoelectronic elements such as efficiency, 

responsivity, noise, P1dB must be specified and based on these specifications RoF link, pre- and 

post-amplifiers can be designed. Figure 3.4 shows the link budget for the uplink. The total optical 

link has loss of 34 dB and noise figure of 45 dB at high temperature. The optical modulators at 

both ends have 1dB compression point of 20 dBm. The minimum loss between the low-noise 



22 
 

preamplifier and the first tool is 17 dB including the losses of the diplexers and power divider, and 

the maximum loss between the last tool and the preamplifier is 42 dB including the losses of the 

diplexers and power dividers.   
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Figure 3.5: Link budget for the uplink RoF. The direction of communication is from downhole to 

the surface. 

For the uplink transmission, an electrical preamplifier must be used to reduce the overall 

noise figure of the link. The noise figure of the preamplifier is specified to be less 3dB at wide 

temperature. The gain has to be enough to boost the signal coming from the last tool and reduce 

the total noise figure introduced by the optical link. On the other hand, the maximum gain is limited 

by the linearity of the external modulated. The appropriate gain is determined from simulation and 

Figure 3.6 shows the EVM versus the gain of the low noise preamplifer. It can be seen that 

maximum gain that provide optimum EVM performance of 3.8% for all tools is 24 dB before the 

EVM deteriorates due to nonlinearity of the external modulator. However, the effect of the peak-

to-the-average should be considered since multiple carries will be employed at the same time. 6 

dB back off margin is considered for our design. Therefore, the gain for the low noise amplifier is 

18 dB. 
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Figure 3.6: EVM versus gain of the low-noise preamplifier for the uplink transmission. 

Downlink transmission is data transmitted from the surface to the downhole and it is relatively 

smaller compared with uplink transmission. Figure 3.7 shows the downlink transmission link 

budget. The most important design factor is that the gain of the post-amplifier is high enough to 

provide an appropriate signal level for the last tool in the cable. However, this maximum gain is 

limited by the linearity of the first tool connected to the cable.  
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Figure 3.7: Link budget for the uplink RoF. The direction of communication is from surface to 

downhole. 

3.6 Simulation Environment and Simulation result 

The complete downhole communication system with the coaxial cable and the fiber link is 

modeled using AWR tool. The system simulation focuses on developing the minimum 

specifications of the RF building blocks that provide a sufficient overall performance for the 

system. All relevant transceiver front-end building blocks, including models of optical 
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components, are included.  64 QAM and 128 QAM encoders and decoders are used to generate 

and detect the data for uplink transmission and QPSK encoders and decoders are used to generate 

and detect the data for downlink transmission. 

Figure 3.8 shows the simulation results of the recovered constellation diagram of 64 QAM 

at the surface for the transmitter #6 which is connected at the far end of the coaxial cable. It can 

be noticed that the signal quality is satisfactory. The EVM is 3.7% at symbol rate of 3.2 Msym/s.  

 

Figure 3.8: Recovered 64 QAM constellation diagram at the surface for tool #6 which is 

connected at the far end of the downhole cable. 

Figure 3.9 shows the simulation results of the recovered constellation diagram of 128 QAM 

at the surface for the transceiver #6. It can be noticed that the signal quality is also satisfactory. 

The EVM is 3.85% at symbol rate of 3.2 Msym/s. Figure 3.10 shows the EVM versus the symbol 

rate. It can be noticed that the EVM of 4% is achieved at 3.2 Msym/s for 64 QAM and EVM of 

3.1% is achieved at 3.0 Msym/s for 128 QAM system. EVM of 4% and 3.1% corresponds to bit 

error rate of 10-6 for 64 QAM and 128 QAM, respectively, which is specified for the system.  
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Figure 3.9: 128 QAM constellation diagram received at the surface for tool #6. The symbol rate 

used in this simulation is 3.3 Msym/s. 

 

Figure 3.10: EVM versus the symbol rate for multiple tools. 

The other important aspect of the transceiver front end is the filtering characteristics.  

Ensuring minimum adjacent channel effects is crucial for the system design. Hence, an adjacent 

channel simulation is carried out.  Figures 3.11 shows the spectrum of transmitted power for three 

adjacent tools. The spectrum is taken at the output of each tool’s transmitter. It can be noticed that 

all tools have an equal power. Figure 3.12 shows the spectrum of the transmitted signals before 

the optical node and after experiencing different coaxial path losses.  The tool located further in 

the line experiences a higher loss. Figure 3.13 show the selected signal at the output of the IF filter. 

It can be noticed that signal to interference of 51 dBc is achieved, which is satisfactory for the 

system.  
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Figure 3.11: Signal power of three 64QAM signals at end of three transmitters and at three 

different channels. 

 

Figure 3.12: Signal power at the end of the coaxial cable and before the input of the RF to optical 

converter. 
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Figure 3.13: Signal power at the output of the IF filter. 

The performance of the receiver used at downhole tools is also simulated. QPSK signals 

are sent from the surface to downhole and receiver front end along with QPSK decoder are used 

to recover the transmitted data. Figure 3.14 shows the EVM performance versus the received 

power. It can be noticed that the receiver has dynamic range of 90 dB.  

 

Figure 3.14: EVM versus the received power for QPSK at the receiver in downhole. 

Appropriate parameters, compliant with high performance GaN technology, were applied 

throughout the simulation. The building block parameters were adjusted and their impact on the 

SCM system and RoF link were observed to ensure data rate of 20 Mbps using 64 QAM with BER 

of 10-6 (EVM<4%) is achieved. Simulation results indicate that building blocks with parameters 

shown in Table 3.1 should suffice for the complete 120 Mbps for six channels in uplink and 40 

Mbps for six channels in downlink.   
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Table 3.1: Derived minimum specifications for the RF transceiver’s building blocks. 

 

 

 

 

 

 

 

 

 

3.7 Chapter Summary 

A downhole communication system architecture was proposed. Then, a characterization for 

the channel employed in downhole was presented. Next, superheterodyne transceiver architecture 

was presented. Based on the channel characterization and the transceiver architecture, the 

frequency planning and allocations for the transmit and receive paths were introduced. 

Subsequently, a link budget calculation to find the minimum specification for the RF building 

blocks was performed. After obtaining the initial specs of the transceiver building block, the 

downhole communication system was implemented in AWR simulation tool to verify the 

performance. Then, the components specs were optimized to provide a data rate of 20 Mbps per 

tool with BER of less than 10-6. The total number of tools included in the design was six. Then, 

the simulation results with optimized specs were presented. Finally, a summary of the minimum 

specs for the RF building blocks was presented. This system provides a full duplex communication 

with data rate of 20 Mbps per tool for up to six tools with BER less than 10-6. 

 

 

 

Component Frequency 

(MHz) 

Gain (dB) NF/PN 

(dB/dBc) 

OP1dB 

(dBm) 

LNA 228.5 ~256.5 20.0 3 10 

Image 

Filter 

228.5 ~256.5 -5.0 5 - 

Down-Con 

Mixer 

228.5 ~256.5 7 10 12 

VCO + 

Buffer 

328 ~353 - -135 dBc 

@1 MHz 

offset 

 0 (Pout) 

Power 

Amplifier 

263.5 ~291.5 18 - +16 

UP-Con 

Mixer 

263.5 ~291.5 -7.1 7.1 - 1 

IF       

Filter 

97.5 &62.5 -8 8 - 



29 
 

 

 Device Characterization, and 

Modeling 

In the previous chapter, the specifications of the transceiver building blocks are derived. The 

primary challenge of the proposed design lies in the temperature limitations of available commercial 

off-the-shelf (COTS) active and passive devices. This chapter presents the technology options for 

implementing the transceiver’s building blocks to operate reliably at high temperatures. Next, the 

chapter covers device characterizations. These characterizations include for the first time the DC 

and RF measurements for the Gallium Nitride (GaN) high electron mobility transistor (HEMT) 

device at temperatures up to 250 oC. The purpose of these characterizations is to proof that the 

devices will operate at high temperatures and give more insight of how temperature impacts the 

device performance. Furthermore, the small signal characterizations are adopted as models and 

used in the simulation to design the building blocks of the transceiver. Lastly, the chapter 

introduces an improved analytic model for the drain to source resistance (RDS). This model predicts 

accurately the performance of RDS at temperatures up to 250 oC. This model will be used in next 

chapter to design and analyze the performance of the passive mixer at high temperatures. 

4.1 Technology Option for High Temperature 

The primary challenge of the proposed design lies in the temperature limitations of available 

commercial off-the-shelf (COTS) active and passive devices. The most critical consideration is the 

active devices. Typical bulk silicon (Si) CMOS technologies are rated with maximum operating 

temperatures of less than 150 °C [50]. The main limitation is that Si suffers from high leakage 

currents as temperature increases and these leakage currents cause latch up [51].  Adding an 

insulator to Si substrate helps to extend the operating temperature above the 150 °C [52],[53]. Wide 

bandgap based power transistors, on the other hand, offer high operating temperatures and low total 

thermal resistances, [54]-[4]. Silicon Carbide (SiC) can reach high junction temperatures [4]-[56], 

but due to the low transition frequencies fT of SiC, it is mostly applied for power electronic and low 

frequency applications. GaN HEMT offers both high temperature and high frequency capabilities 

and is the most promising technology for the target application [56]-[57]. Further, it is thermally 
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robust and can have very low noise figure (NF), while achieving high gain and high linearity. Figure 

4.1 shows polygon diagram summarizing a comparison of main semiconductor technologies for 

high-power RF transistors which are Si, GaAs, SiC and GaN [57][58][59]. 

 

Figure 4.1: Polygon chart shows a summary of Si, GaAs, SiC and GaN materials. SiC is capable 

of operating at high temperature and GaN is capable of operating at high temperature and high 

frequency. 

4.2 Qorvo GaN HEMT 

The active devices selected to implement the transceiver building blocks are Qorvo GaN, 

namely T2G6000528-Q3 packaged 0.25µ GaN on SiC HEMT (0528-Q3) with pill package [60] 

and T2G6003028-FL GaN on SiC HEMT (3028-FL) with flange package [61]. Figure 4.2 shows 

photograph of both packaged transistors. These devices are mainly targeted for high power 

applications and have the maximum junction temperature, TJ of 275 °C, which is considered the 

highest among all the available COTS GaN transistors. Furthermore, these transistors have a 

reasonably low thermal resistance, Rθ of 12.4 °C/W for 0528-Q3 type and 3.82 °C/W for 3028-FL 

type. Moreover, the Qorvo GaN HEMT transistors have median lifetime expectancy of 10,000 

hours at TJ of 275 °C. Figure 4.3 shows the median lifetime expectancy against the channel 

temperature for both transistor types. 
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Figure 4.2: Packaged Qorvo (previously TriQuint) GaN transistors selected for our design [60]-

[61].  

 

Figure 4.3: Median lifetime expectancy versus channel temperature for Qorvo GaN HEMT 

devices [28]. 
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4.3 Previous Works on Temperature Impact to GaN and GaN Models 

The intended application for the Qorvo GaN HEMT devices is high power RF amplifiers, 

and the datasheets provided by the manufacturer have characterizations only at Vds=28 V and Id 

=200 mA at room temperature and at 85 oC. The model provided by Modelithics, Inc works only 

up to 85 oC. For this research, the specified temperature is above 230 °C. Therefore, new device 

characterizations and modeling are needed at a wide temperature range and at lower drain voltages. 

However, in this section the state-of-the-art research of high temperature characterizations and 

modelling of GaN HEMT are reviewed. 

 Several papers have reported characterization and modelling of GaN HEMT on SiC [62]-

[68], and few has investigated the temperature impact on GaN HEMT devices [69]-[72]. Lee et al 

presented in [64] a large signal model for HEMTs on SiC substrate to model self-heating effects. 

The approach proposed in their work is to modify the cubic nonlinear model developed by Curtice 

and Ettenber [73]. Curtice model was originally proposed for GaAs FET, where device 

characteristics were generated empirically. Such modeling approach have many parameters and 

complex techniques need to be used to extract these parameters. Angelov et al presented in [65] 

and [66] a simpler model that also offers improved accuracy over Curtic model in the linear and 

saturation regions. In this model cubic power series presented in Curtice model replaced by a 

hyperbolic tangent function that describes the gate voltage dependencies and its derivatives well. 

The simplified the drain to source current of GaN transistor can be best described as follows: 

𝐼𝑑𝑠 = 𝐼𝑝𝑘0 (1 + tanh (𝑝(𝑉𝑔𝑠 − 𝑉𝑝𝑘))) × tanh(𝛼𝑉𝑑𝑠) × (1 + 𝜆𝑉𝑑𝑠)     (4.1) 

where Ipk0 is the drain current at the maximum transconductance and p is polynomial coefficient 

for channel current. Vpk is the gate voltage for maximum transconductance. λ is the channel length 

modulation parameter and α is the saturation voltage parameter. Wang et al in [34] presented 

improved model based on Angelov that includes self-heating and ambient temperature effects up 

to 175oC. In their work, Ipk0 and p were modeled as temperature dependent parameters. However, 

this model does not account for Vpk variation with temperature which is important when Vgs is 

close to Vpk. In this region, the Vpk play important role compare with p.  

 There are also some efforts found in the open literature to extract the small signal model 

parameters for GaN HEMT [67]-[68]. Most of these works adopt the famous equivalent circuit     
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model presented in [74] and shown in Figure 4.4.  
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Figure 4.4: HEMT’s equivalent circuit model showing the extrinsic and intrinsic parameters [74]. 

Recent works published in [71]-[72] studied the temperature impact on small signal 

parameters of GaN devices. In [71], an experimental analysis of temperature effects on a small 

signal equivalent circuit of GaN HEMT is presented. The maximum temperature that is considered 

for the experiment is 80 oC and the work studied the effects at one biasing point which is VDS=19.5 

V and VGS=-2 V for 0.7 µm AlGaN/GaN HEMT on SiC. In their experiment, it is found that the 

gm slightly decreases with temperature and the parasitic capacitances are almost independent of 

temperature. In [72], characterizations and modeling of small signal equivalent circuit at 

temperatures up to 150 °C are presented.  The experiment is also conducted on 0.15µm 

AlGaN/GaN HEMT on SiC at one biasing point which is VDS = 15 V and VGS = -4.8 V. Their 

results show that ID, gm, and CGS decrease as temperature increases, while CDS and CGD increase 

with temperature.  Both of previous works are conducted at one bias point and in all of the 

aforementioned work, the maximum ambient temperature that characterization or modeling carried 

at is below 175 °C.  

In this work, characterizations of GaN HEMT at temperatures up to 250 °C and at different 

biasing conditions are conducted. In this characterization the impact of temperature on drain 

current, leakage currents, transconductance, S-parameters and drain-source resistance are 

emphasized. Improved high temperature models for RDS that include the temperature effect of Vpk 

are included. By including the temperature effects on Vpk, the accuracy of the model at high 
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temperatures is improved, particularly when Vgs is close to Vpk and this was verified by the analysis 

and the performance of the resistive mixer presented in next Chapter.  Furthermore, the existence 

of zero temperature coefficient (ZTC) spots in the drain current and transconductance of the GaN 

HEMT are highlighted. 

4.4 High Temperature Characterizations Setup 

The intended application for the Qorvo GaN HEMT devices is high power RF amplifiers, 

and the datasheets provided by the manufacturer have characterizations at Vds=28 V and Id =200 

mA at room temperature and at 85 oC. As the devices should operate at lower drain voltages and 

at ambient temperatures up to 250 °C, new device characterizations and modeling are needed at a 

wide temperature range and at lower drain voltages. We performed device characterizations from 

room temperature to 250 °C. Then, we developed large and small signal models for which are used 

to estimate the performance of the building blocks at a wide temperature range.   

Figure 4.5 shows the pulsed current (I) –voltage (V) characterization setup at a wide 

temperature range. The 0528-Q3 transistor is mounted on RO4003C PCB using a high temperature 

solders. Rogers 4003C board was selected due to insensitivity of its relative dielectric constant 

with temperature and negligible expansion of the board with temperature. The board is capable of 

operating at temperatures of greater than 280°C. The solder was selected based on melting point. 

Indalloy #151 solder paste offers a melting point of 296°C, and exhibits very low resistivity, so it 

was used to assemble the test fixture. Then, the test board is placed inside the furnace and 

connected to Diva D265 dynamic IV analyzer using special high temperature coaxial cables and 

connecters are used for the measurements [48].  The gate of the transistor is connected to the gate 

port of the Diva Analyzer and the drain of the transistor is connected to the drain port of the 

analyzer. The source of the transistor is grounded though screws. Diva analyzer allows for 

simultaneous pulsing of the gate and drain with pulse widths of 200 ns to 1 mS. The averaging is 

adjusted 128 samples with pulse length of 200 ns. The pulse separation is 0.5 ms. The bias point 

is adjusted to VDD = 4 V and VGS= -2.5 V.  Next, the maximum VDD is set to 10 V with step size 

of 0.1 V. The VGS is swept from -3 V to -1 V in step of 0.05 V. 
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Figure 4.5: Test setup for characterizing the IV relationship of the GaN HEMT (0528-Q3) at a 

wide temperature range. 

Figure 4.6 shows the high temperature S-parameters characterization set up. Rohde & 

Schwarz ZVL67 network analyzer is used to measure the s-parameters. External bias tees used at 

the ports to allow for the necessary biasing to the tested device. Calibration is performed up to the 

red lines showed in the figure to remove the effects of the cable, bias tees, board and SMA 

connector on the measurements. The parasitic inductance of the screws connected to the source of 

the transistor is de-embedded from the S-parameters measurements. 
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Figure 4.6: Test setup for characterizing the S-parameters and small signal parameters of the 

GaN HEMT (0528-Q3) at a wide temperature range. The characteristic impedance, z0, is 50 Ω. 

4.4.1 Effects of temperature on the drain current 

First, the 0528-Q3 GaN transistor is characterized at room temperature. Figure 4.7 shows 

the measured IV curves for the GaN HEMT device at room temperature. The maximum power 

consumption is set to 3 W. The maximum current is measured in this setup is 900 mA. It can be 

seen that the saturation region starts as low as VDS= 1V and VGS =-2.5 V with a minimum current 

of 15 mA.  
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Figure 4.7: Drain current (ID) characteristics versus drain-source voltage (VDS) with gate-source 

voltage (VGS) is swept from -3 V to -1 V in step of 0.05 V at room temperature. 

Next, the furnace temperature is gradually elevated up to 250 oC and IV curves measured 

at 100 oC, 150 oC, 200 oC and 250 oC.  Figure 4.8 and 4.9 show the ID versus VGS at different 

temperatures and at drain voltage of 0.5 V and 5 V, respectively. It can be noticed at both figures 

that the current at a specific VGS is independent of temperature, called zero temperature coefficient 

(ZTC) point. It occurs due to the fact that the decrease in threshold voltage with temperature 

compensates the decrease in the electron mobility with temperature and this occurs only at a 

specific VGSZTC. At a gate voltage greater than VGSZTC, the drain current decreases with temperature 

and this is mainly due to decrease in mobility since the threshold voltage has negligible impact on 

VGS. On the other hand, at a gate voltage smaller than VGSZTC, the VGS becomes comparable with 

threshold voltages whose temperature effect dominates the current variations. Therefore, as 

temperature increases, ID increases at VGS < VGSZTC.  

Furthermore, it can be noticed that at VDD =0.5 V (Figure 4.8), the VGSZTC ≈ -1.5 V and at 

VDD =5 V (Figure 4.9), VGSZTC ≈ -2.2 V. This indicates that as VDD increases the VGSZTC decreases 

following the behavior of threshold voltage, which it also decreases. Also, another important 

observation is that at VGS =-3.0 V, the current stays zero at all temperatures and also at VGSZTC the 

current stays the same at all temperature. This observation leads to conclude that the leakage 

currents for the device are negligible at temperatures up to 250 oC. This can be observed from both 

Figures 4.8 and 4.9. 
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Figure 4.8: Drain current characteristics versus gate-source voltage at different temperatures and 

at VDD=0.5V. 

 

Figure 4.9: Drain current characteristics versus gate-source voltage at different temperatures and 

at VDD=5 V. 

4.4.2 Effect of temperature on transconductance 

The transconductance (gm) of the transistor can be extracted from either IV characteristics 

or the S-parameters. In our characterization, the gm is extracted from the measured pulsed IV 

characteristics shown in Figures 4.8 and 4.9 using: 

g𝑚 =
𝜕𝐼𝑑

𝜕𝑉𝐺𝑆
|

𝑉𝐷𝑆=𝐶
     (4.2) 

  where C is constant and it is equal 0.5 V and 5 V in this characterization.  

Figure 4.10 and 4.11 show the gm versus Vgs at VDS = 0.5 V and 5 V, respectively and at 
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temperatures up to 250 oC. It can be noticed that a zero temperature coefficient (ZTC) spot is also 

exist in the transconductance characteristics. However, it occurs at VGS lower than the VGSZTC 

presented in the drain current characteristics. For example, the ZTC for gm occurs at VGS=-2.3 V 

and -2.45 V at VDS =0.5 V and 5 V, respectively while the ZTC for ID occurs at VGS=-1.5 V and -

2.2 at VDS =0.5 V and 5 V, respectively. Therefore, ZTC cannot happen for the drain current and 

transconducatce at the same time.  

Following the drain characteristics, the gm also decreases with temperature at a gate voltage 

greater than (VGSZTC)gm, the gm decrease is mainly due to decrease in mobility since the threshold 

voltage has negligible impact on VGS. At a gate voltage smaller than VGSZTC, the gm increases with 

temperature and this is because VGS is comparable with threshold voltages whose temperature 

effect dominates the transconductance variations. Moreover, it can be noticed the as VDS increases 

the gm also increases and the VGS for ZTC gm decreases.   

 

Figure 4.10: Transconductance characteristics versus gate-source voltage, VGS, at different 

temperatures and at VDD=0.5 V. 
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Figure 4.11: Transconductance characteristics versus gate-source voltage, VGS, at different 

temperatures and at VDD=5 V. 

4.4.3 Effect of temperature on S-parameters 

Next, the impact of temperature on the S-parameters is studied. Using the test setup shown 

in Figure 4.5, the S-parameters at a wide temperature range is measured. Figure 4.12 shows the 

measured S11 and S22 at VDS = 5 V and VGS = -2.5 V and for 25 oC, 150 oC, and 250 oC. The black 

dots mark the frequency of interest which is 250 MHz. There is slight change with temperature for 

the S11. For example, the input impedance at frequency of 250 MHz is 7.306-j 63.944 Ω at 25 oC, 

7.236-j 61.828 Ω at 150.0 oC and 6.546-j65.191Ω at 250 oC. It can be noticed that the real part of 

the impedance slightly decreases with temperature at the specified frequency while it fluctuates 

the imaginary part up and down with temperature. The main parameters that can affect the input 

impedance and in turns the S11 can be understood clearly from the following equations. 

Let us assume the Y12 ≈ 0, then we can write [75]: 

𝑆11 ≈
(1−𝑌11𝑍𝑠

∗)

(1+𝑌11𝑍𝑠)
     (4.3) 

Where Zs is the source impedance and it is 50 Ω. The Y11 for the transistor  at frequencies less than 

5 GHz can be expressed as [74]: 

𝑌11 ≈ 𝑅𝑖𝐶𝐺𝑆
2 𝜔2 + 𝑗𝜔(𝐶𝐺𝑆 + 𝐶𝐺𝐷)   (4.4) 

From eq 4.4 the main parameter that is temperature dependent is CGS since the Ri and CGD are very 

small. The other important observation is that the temperature variation is frequency dependent in 

which at higher frequencies, the S11 has large variations with temperature.  
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For S22, on the other hand, the variation with temperature is quite large. It can be seen from 

Figure 4.12 that as temperature increases the output impedance decreases at the frequency of 

interest. For example, the output impedance at frequency of 250 MHz is 41.072-j 23.234 Ω at 25 

oC, 34.486-j 14.426 Ω at 150.0 oC and 33.140-j12.245Ω at 250.0 oC. The main parameters that can 

affect the output impedance and in turns the S22 can be understood clearly from the following 

equations. 

Again, let us assume the Y12 ≈ 0, then we can write [75]: 

𝑆22 ≈
(1−𝑌22𝑍𝐿

∗)

(1+𝑌22𝑍𝐿)
     (4.5) 

where ZL is the load impedance and it is 50 Ω. The Y22 for the transistor can be expressed 

as: 

  

Figure 4.12: S11 and S22 at VDS=5 V, VGS =-2.5 V and frequency sweep from 100-700 MHz. 

𝑌22 = g𝑑 + 𝑗𝜔(𝐶𝐷𝑆 + 𝐶𝐺𝐷)     (4.6) 

where gd is channel conductance and it is equal to 1/ RCH.  

From eq 4.6 the main parameter that is temperature dependent and affects the output impedance 

and S22 is gd or the RDS. The CDS and CGD are also temperature dependent but they only have a 

significant impact at high frequencies. The impact of temperature on RDS will be further 
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investigated in Section 4.4.4. 

Figure 4.13 shows the measured S21 which is the power gain of the transistor at VDS = 5V 

and VGS = -2.5 V. It can be noticed that the gain is almost constant up to 150 oC and then drops by 

1 dB at 250 oC.  The S21 can be expressed as the following:  

Again, let us assume the Y12 ≈ 0, and Zs = ZL = 50 Ω, then we can write [75]: 

𝑆21 ≈
−2𝑌21𝑍𝑠

(1+𝑌11𝑍𝑠)(1+𝑌22𝑍𝐿)
     (4.7) 

where [74] 

𝑌21 = g𝑚 − 𝑗𝜔(𝐶𝐺𝐷 + g𝑚(𝑅𝑖𝐶𝐺𝑆 + 𝜏))   (4.8) 

From eq (4.7) & (4.8), it can be understood that S21 mainly depends on the matching of both ports 

and gm. As we can see from Figure 4.11, the gm increases slightly with temperature at this biasing 

point (VGS=-2.5 V) but the increase of RDS and CGS with temperature dominates at 250 oC and 

causes the gain to drop by 1 dB.  

 

Figure 4.13: S21 versus the frequency at VDS=5 V, VGS =-2.5 V. 

4.4.4 Effect of temperature on drain to source resistance 

A simplified equivalent circuit for Qorvo GaN HEMT device, T2G6000528-Q3, with zero 

drain bias is shown in Figure 4.15. Lg, Ld, Ls, Cpd, Rg, Rd, and Rs are extrinsic parasitic components 

associated with the three transistor terminals. Cgd, Cgs, and Cds are intrinsic parasitic capacitors that 

vary with the gate bias. RCH is the channel resistance that depends on the gate voltage. 
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Figure 4.14: A simplified equivalent circuit model for a GaN HEMT device with zero drain bias. 

The drain-to-source resistance, RDS can be found using: 

𝑹𝑫𝑺 = 𝑹𝒅 + 𝑹𝒔 + 𝑹𝑪𝑯    (4.9) 

Rd and Rs are equal to 0.84 Ω at room temperature and they are also temperature dependent. 

As Vgs increases from -3.5 V to -2 V, Rch changes significantly from the off-state of around 5 KΩ 

to the on-state of around 2 Ω. Figure 4.16 shows the measured RDS versus gate voltage at three 

different temperatures. It can be noticed that as temperature increases, RDS (off- and on-states) 

increases for a given gate voltage. Also, the transition point from the off-state (high resistance) to 

the on-state (low resistance) shifts to the left, which mainly attributed to the decrease of the 

threshold voltage of the device with the temperature. The reflection coefficient seen at the drain 

port is sensitive to RDS, and changes of RDS implies that ambient temperature affects the reflection 

coefficient. To mitigate the temperature dependence of the threshold voltage and hence RDS, the 

bias voltage of VDS can be changed according to the temperature level, discussed in the next 

Chapter. 
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As temperature increases

on increases with temperatureR

 
Figure 4.15: The measured RDS versus the gate voltage at different temperatures. 

4.4.5 GaN Process Variations 

The characterization includes multiple devices to evaluate the intra-device variation. These 

devices are from different fabrication lines. Figure 4.17 shows the ID versus VGS for three devices 

at VDS = 5 V. It can be seen when the VGS is near the pinch off voltage the current variations are 

small and as VGS increases, the variation in the ID increases. For example, at VGS =-2.3 the current 

variation between devices can be as large as 50 mA. These variations are mainly due to the process 

variation that affected the mobility and the threshold voltage of a particular device. Initial 

characterizations for the devices are recommended before designing a specific building block. 

 

Figure 4.16: Drain current characteristics versus gate-source voltage for three devices at VDD=5 

V. 
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4.5 Improved High Temperature Model for the RDS of GaN HEMT 

There are few models of GaN HEMT that model the behavior of the transistor in the linear 

region (VDS < 0.1V) for resistive mixer application at room temperature reported in [76]-[78] and 

none that has yet targeted the high temperature operation. Our approach is to provide an analytical 

model based on Angelov model for transistor in linear region that can be applicable to a resistive 

mixer design and analysis and predict the performance at high temperatures. For this purpose, 

modeling of RDS of GaN HEMT is investigated.   

The device in the linear region can be modeled using the equivalent circuit shown in Figure. 

4.18. Rg, Rd, Rs, Ld, Ls, Lg, and Cp are extrinsic parasitic resistances, inductances and capacitance 

associated with the three transistor terminals and constant as gate voltage varies. Cgd, Cgs, and Cds 

are internsic parasitic capacitors that vary with the gate bias. All of these parameters are extracted 

using cold FET method presented in [74].  
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C gd R gd R d Ld

CpCp
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g R

g

Source
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Figure 4.17: A simplified equivalnt circuit model for a GaN HEMT device in the linear region 

(zero drain bias). 

Rch is the channel resistance that depends on the gate voltage and the conversion loss is mainly 

attributed to it. Therefore, providing a correct model for the Rds (= Rd + Rs + Rch) will provide 

accurate prediction of CL of the mixer. In this section, model for drain to source channel resistance 

based on large signal Angelov model is provided. 

We are interested in the model of the transistor in the linear region where Vds is very small. 

Therefore, (4.1) can be rewritten as follows: 

𝐼𝑑𝑠 ≈ 𝐼𝑝𝑘 (1 + tanh (𝑝(𝑉𝑔𝑠 − 𝑉𝑝𝑘))) × 𝛼𝑉𝑑𝑠   (4.10) 

  Drain to source resistance can be express as follows: 

𝑅𝑑𝑠 =
𝑉𝑑𝑠

𝐼𝑑𝑠
=

1

𝛼𝐼𝑝𝑘(1+tanh(𝑝(𝑉𝑔𝑠−𝑉𝑝𝑘)))
     (4.11) 
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We performed device characterizations for Qorvo T2G6000528-Q3 packaged 0.25µm GaN 

on SiC HEMT [60] at wide temperature range starting from room temperature up to 250 °C. Then, 

we developed a model for drain-to-source resistance that depends on temperature based on the 

model in (4.11). For temperatures below 150oC, a first order polynomial with temperature of Ipk, 

p and Vpk provide good accuracy, However, as the temperature increases above 150oC, first order 

polynomial fails to accurately model the behavior of Rds. To improve the accuracy above 150oC, 

Ipk and p are modeled as quadratic polynomials with temperature. Transistor parameters Ipk, p, and 

Vpk are temperature dependents, and their behaviors with temperature can be expressed as follows: 

𝐼𝑝𝑘 = 𝐼𝑝𝑘0 + 𝛼𝐼1
𝑇 + 𝛼𝐼2

𝑇2     (4.12) 

𝑝 = 𝑝0 + 𝛼𝑝1
𝑇 + 𝛼𝑝2

𝑇2     (4.13) 

𝑉𝑝𝑘 = 𝑉𝑝𝑘0 + 𝛼𝑉𝑇      (4.14) 

where Ipk0, p0, and Vpk0 are the parameters at room temperature and αIn, αpn and αV are constants 

and their values are obtained using curve fitting and shown in Table 4.1. By inserting (4.12) 

through (4.14) into (4.11), we obtain: 

𝑅𝑑𝑠 =
1

𝛼(𝐼𝑝𝑘0+𝛼𝐼1𝑇+𝛼𝐼2𝑇2)(1+tanh((𝑝0+𝛼𝑝1𝑇+𝛼𝑝2𝑇2)(𝑉𝑔𝑠−𝑉𝑝𝑘0−𝛼𝑉𝑇)))
   (4.15) 

 Figure 4.19 shows the modeled and the measured Rds versus gate-source voltage, VGS, at a 

wide temperature range. It can be noticed that the model follows the measured RDS very closely. 

This model will be used in the next chapter to analyze and design the resistive mixer at high 

temperature. 

 

 

Figure 4.18: Measured and modeled RDS versus gate voltage at different temperatures. 
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Table 4.1: Extracted parameters for the RDS model. 

 

 

 

4.6 Chapter Summary 

In this chapter, the technology option was investigated. Qorvo GaN HEMT technology was 

selected since it has highest junction temperature. This technology is intended for high power 

amplifiers. The high power dissipation can increase the junction temperature to 275 oC at room 

temperature. We used these transistors to design our building block at low power but at high 

temperature. These transistors are characterized and modeled only at temperatures less than 85 oC; 

hence, a new characterization at high temperature is needed. First, we reviewed the open literature 

to study the impact of temperature on GaN characteristics. Next, high temperature characterization 

setups were introduced. Then, we performed characterization on the Qorvo GaN HEMT devices 

at temperatures up to 250 oC. The temperature effects on drain current, transconductance, small 

signal parameters, gate-source capacitance, and drain resistance were highlighted. Finally, a high 

temperature model that predicts the behavior of RDS at temperatures up to 250 oC was developed. 

 

 

 

 

Parameter Value Unit 

Ipk0 176 mA 

αI1 -0.55 mA/C 

αI2 0.76 µA/C 

p0 6.47 V-1 

αp1 0.68 mV-1/C 

αp2 -30.0 µV-1/C 

α 3.68 V-1 

Vpk0 -2.082 V 

αV 1.247 mV/T 
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 Building Blocks Design and 

Analysis/Measurement Results 

After characterizing, and modeling the devices at high temperatures, in this chapter, the 

design and analysis of the building blocks to meet the specifications of the transceiver at high 

temperature is carried out. Measurement results for the individual building block at a wide 

temperature range are presented. This chapter first presents design considerations for high 

temperature that included thermal analysis at room temperature and high temperature. Next, the 

chapter elaborates on passive mixer analysis and design at high temperatures. The proposed 

passive mixer is used as upconversion block for the transmitter. Then, active mixer design is 

proposed. The high temperature active mixer is adopted as downconversion stage in the receiver 

frond-end. Afterwards, the analysis and measured results of the low noise amplifier (LNA), signal 

generator (SG), power amplifier (PA), filters, and diplexer designs are presented. These later 

blocks are designed with cooperation of my teammates. Lastly, an adaptive biasing circuit for GaN 

HEMT based designs is proposed. 

5.1 Design Considerations 

5.2.1 Thermal Design and High Temperature Operation 

GaN HEMT devices offers high power, high temperature and high frequency capabilities. 

Although they are thermally robust, thermal limitations of packages at different power dissipation 

and high temperature should also be considered. The relationship of the thermal effect is expressed 

as TA = TJ - Rθ×PD [79]. The maximum ambient temperature (TA) that a GaN transistor can operate 

at depends on the maximum junction temperature (TJ), the thermal resistors (Rθ) of the packaged 

device, PCB, soldering, vias, heatsink if used, and any other mechanical connection is used with 

packaged device, and the power dissipation of the device (PD). TJ and Rθ are fixed device 

parameters, and hence PD is the only parameter controllable by the designer. Therefore, a tradeoff 

between the power dissipation of the GaN device and maximum ambient operating temperature. 

It is necessary to ensure that material, mechanical connections, and PD are set properly so that the 
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maximum TJ of the packaged device is below the maximum limit specified by the manufacturer 

which is 275 oC at all ambient temperatures.  

In order to ensure thermal robustness at all operating ambient temperatures and identifying 

the maximum power limit that can GaN transistor consume to operate below the maximum 

junction temperature at elevated ambient temperature of 230.0 oC, thermal simulation using 

ANSYS Icepak is conducted. Icepak uses finite element analysis to find the temperature 

distribution and maximum junction temperature of an electronic design. The simulation allows to 

manually set the size and material properties of the components. Table 5.1 lists the size and 

material properties used to model the components which are taken from the datasheets 

[60],[80],[81], and [82].  

Table 5.1: Size and the material properties used in ANSYS Icepak for thermal analysis. 

Component 
Size 

L×W×H (mm) 
Material Property  

Die (GaN) 1.2×1×0.15 

Density:6100.0 kg/m3 

Specific Heat: 490.0 J/Kg-K 

Conductivity: 130.0 W/m-K 

Substrate (SiC) 1.2×1×0.4 

Density: 3210.0 kg/m3 

Specific Heat: 677.8 j/Kg-K 

Conductivity: 490.0 W/m-K 

Die Attach 1.2×1×0.04 

Density: 1900.0 Kg/cm3 

Specific Heat: 795.0 J/kg-K 

Conductivity: 2.5W/m-K 

Package (Ceramic) 5.08×4.064×2.413  

PCB (RO4003C) 

 

10×4.1×1.559 (attached to source) 

20×4.1×1.559 (Connected to Gate/Drain) 

Density: 1.79 g/cm3 

Specific Heat: 900.0 J/kg-K 

Conductivity: 0.71 W/m-K 

Figure 5.1 shows a vertical cut of the packaged GaN mounted on Roger RO4003C PCB 

explaining the thermal stress due to self-heating of the packaged device at room temperature. The 

maximum junction temperature at dissipation power, PDiss of 0.5 W is 36.63 o C at room 

temperature and it increases to 135 o C at PDiss of 6.5 W. Figure 5.2 shows a cross section of the 

same packaged device with PCB at 250.0 o C. The maximum TJ at PDiss of 0.5 W is 261.6 o C at 

250.0 o C and it increases to 360 o C at  PDiss of 6.5 W which exceed the maximum TJ of 275 o C 
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specified by the manufacturer. Figure 5.3 shows the cross section of the packaged device with heat 

sink at 230.0 o C and PDiss of 5.5 W. It can be noticed that the maximum TJ is 277 o C which is very 

close to the maximum TJ specified by the manufacturer. Therefore, for high ambient temperature, 

either PDiss has to be low or heat sink has to be used. Figure 5.4 shows the maximum TJ versus PDiss 

at 25 o C and 230 o C with and without heat sink. In our transceiver design, the power dissipation 

is limited to 0.5 W except for the PA where the PDiss is around 5.5 W and heat sink is used. 

 

Figure 5.1: A vertical cross-section of the packaged GaN device with RO4003C PCB at PDiss=0.5 

and ambient temperature TA= 25 oC. 

 

Figure 5.2: A vertical cross section of the packaged GaN device with RO4003C PCB at PDiss=0.5 

and ambient temperature TA= 250 oC. 
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Figure 5.3: Temperature distribution at the packaged GaN device with heat sink at PDiss=5.5 and 

ambient temperature TA= 230 oC (Left) a side view (Right) a vertical cross section. 

 

Figure 5.4: Maximum junction temperature versus power dissipation at room temperature, and 

230 o C with and without heat sink. 

5.2.1 High Temperature Design Considerations 

Typical passive components often exhibit large variances over a wide temperature range. In 

order to reduce performance variations over temperature, it is desirable to use few passive 

components. In this regard, filters and matching networks of the mixer may be realized with 
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transmission and microstrip lines rather than lumped LC components. Some passive device values 

such as those of RF chokes (RFCs) and DC blocking capacitors are noncritical, and so those 

components can be used rather freely. Further, note that RFCs and DC blocking capacitors are not 

easily achievable with microstrip transmission lines.  

Temperature variations of active and passive devices can shift the operating point of a 

transistor to cause performance degradations. One method to mitigate the problem is to adjust the 

bias point with temperature. All the design considerations mentioned above are adopted for the 

proposed RF building blocks. 

5.2 High Temperature Resistive Passive Mixer 

5.2.1 Existing Designs 

There are several passive GaN mixer designs that operate at room temperature [76]-

[78],[83]-[85] and few mixer designs operating at high temperatures [86]. Wong et al. in [86] 

investigated a GaN based diode mixer operable up to 250 oC. Their design suffers from a high 

conversion loss of 12.9 dB, large conversion loss variations of 4.35 dB with temperature, and the 

requirement for a high local oscillator (LO) power. Such shortcomings are typical for diode based 

mixers. In our transceiver design, a resistive mixer based topology is adopted, and the designed 

mixer can operate up to ambient temperature of 250 oC with low conversion loss, low temperature 

variation, and reasonable low LO power. Our results for the proposed high temperature mixer are 

reported in [87] and expanded in [88]. The proposed mixed is used as upconverting stage in the 

transmitter design. 

5.2.2 Resistive mixer 

Resistive mixers based on Field-Effect Transistors (FETs) offer inherently high linearity, 

good noise performance, and virtually no dc power dissipation. Another important advantage of 

FET-based passive mixers over their counterpart active mixers is that they are unconditionally 

stable. A resistive mixer topology is adopted for the proposed mixer design.  

A typical resistive mixer topology is shown in Figure 5.5. The basic principle is to use the 

linear channel resistance as a mixing element. The LO signal applied at the gate switches the 

transistor on and off, which changes the drain-to-source resistance, Rds, as well as the reflection 
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coefficient Γ(t) accordingly. The RF signal applied to the drain experiences the time-varying 

reflection coefficient and reflects a signal containing the IF.  

The analysis of a resistive mixer at room temperature is reported in [89]. The analysis is 

performed based on the reflection coefficient as seen from the drain port. The underlying 

assumption is that all three mixer I/O ports are matched. It should be noted that Rds changes as 

temperate changes, and so does the reflection coefficient. The effects of temperature are presented 

in next section. 

 

Figure 5.5: A typical resistive FET mixer. 

5.2.3 Resistive mixer Analysis with the Proposed Model 

In this section, the temperature effect on CL is analyzed with the aid of the developed RDS 

model. First, the output impedance of the transistor is derived and the temperature effect on CL is 

evaluated based on the model developed in Section 4.5. Then, optimum gate biasing to compensate 

for temperature variations is found. The analysis is performed based on the reflection coefficient 

as seen from the drain port, 

Γ =
𝑍𝑜𝑢𝑡−𝑍0

𝑍𝑜𝑢𝑡+𝑍0
      (5.1) 

Where Zout is the impedance looking into the drain side and Z0 is the characteristic impedance. It 

should be noted that Zout changes as temperature changes, and so does the reflection coefficient.  

5.2.3.1 Output Impedance 

The impedance looking into the drain side (Zout) can be derived from the model shown in Figure 

5.1 as follows: 

𝑍𝑜𝑢𝑡 =
𝑋((1−𝐶𝑝𝑑𝜔2𝑍)+𝜔2𝐶𝑝𝑑𝑍) 

(1−𝐶𝑝𝑑𝜔2𝑍)
2

+(𝜔𝐶𝑝𝑑𝑋)
2 + 𝑗𝜔 [

(𝑍(1−𝐶𝑝𝑑𝜔2𝑍)−𝐶𝑝𝑑𝑋2) 

(1−𝐶𝑝𝑑𝜔2𝑍)
2

+(𝜔𝐶𝑝𝑑𝑋)
2 + 𝐿𝑑]   (5.2) 
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with  

𝑋 = (𝑅𝑠 + 𝑅𝑑 +
𝑅𝑐ℎ

1+(𝜔𝐶𝑑𝑠𝑅𝑐ℎ)2
)    (5.3) 

𝑍 = (𝐿𝑠 −
𝐶𝑑𝑠𝑅𝑐ℎ

2

1+(𝜔𝐶𝑑𝑠𝑅𝑐ℎ)2
)      (5.4) 

 For frequencies less than 10 GHz, the term (𝜔𝐶𝑑𝑠𝑅𝑐ℎ)2 is less than 0.01 and it can approximated 

to zero. Therefore, X becomes equal to (= Rd + Rs + Rch) which is equal to Rds. Also, Z can be 

approximated to zero. Then, (5.2) can be rewritten as follows: 

𝑍𝑜𝑢𝑡 =
𝑅𝑑𝑠

1+(𝜔𝐶𝑝𝑑𝑅𝑑𝑠)
2 − 𝑗𝜔 [

𝐶𝑝𝑑𝑅𝑑𝑠
2

1+(𝜔𝐶𝑝𝑑𝑅𝑑𝑠)
2 − 𝐿𝑑]    (5.5) 

  Figure 5.6 shows the magnitude of the Zout and Rds versus the gate voltage. The frequency 

is used to plot the Zout is 243 MHz which represent the RF frequency for our mixer design. It can 

be noticed that the output impedance saturates at 660 Ω while RDS goes to higher than 800 Ω at 

low gate voltage (<-2.8V) and this is mainly due to the effect of Cds and Cpd where they show up 

as Rds becomes high. The most important region is where the impedance is equal to the 

characteristic impedance Z0 which is 50 Ω at Vgs= -2.35V for our design, and it can be seen that 

both Zout and Rds are in complete alignment. Therefore, the Zout can be further approximated to be 

equal RDS, which is: 

𝑅𝑑𝑠 =
1

𝛼(𝐼𝑝𝑘0+𝛼𝐼1𝑇+𝛼𝐼2𝑇2)(1+tanh((𝑝0+𝛼𝑝1𝑇+𝛼𝑝2𝑇2)(𝑉𝑔𝑠−𝑉𝑝𝑘0−𝛼𝑉𝑇)))
  (5.6) 

 

Figure 5.6: Reflection coefficient at drain terminal of the transitory based on RDS model versus 

gate voltage at different temperatures 
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Figure 5.7 shows the measured s-parameters for the drain side of the transistor with port 

being matched to 50 Ω at frequency of 97.5 MHz. It can be noticed that as temperature increases 

the s-parameters shift to the right with the same trend indicating that as temperature increases real 

term in s-parameter only increases, which represents the Rds variation with temperature. 

 

Figure 5.7: Measured s-parameters at drain side at different temperature levels with fixed gate 

voltage (optimum gate voltage at room temperature which is -2.3V). The frequency sweep is 

from 10 MHz to 500 MHz. 

5.2.3.2 Effect of Temperature on CL 

According to [89], the CL can be calculated using the following: 

𝐶𝐿 = (
1

2𝜋
∫ Γ(𝑡, 𝑇)

𝜋/𝜔𝐿𝑂

−𝜋/𝜔𝐿𝑂
cos(𝜔𝐿𝑂𝑡) 𝑑𝑡)

−2

      (5.7) 

where 𝜔𝐿𝑂 is local oscillator frequency. Γ(𝑡, 𝑇) is the reflection coefficient at the drain terminal 

and function of time (t) and temperature (T). Assuming Z0 is independent of temperature and 

inserting (5.6) into (5.1) gives the reflection coefficient as seen into the drain terminal of the GaN 

function of time and temperature:  

Γ(T) =
1−𝑍0𝛼(𝐼𝑝𝑘0+𝛼𝐼1𝑇+𝛼𝐼2𝑇2)(1+tanh((𝑝0+𝛼𝑝𝑇)(𝑉𝑔𝑠−𝑉𝑝𝑘0−𝛼𝑉𝑇)))

1+𝑍0𝛼(𝐼𝑝𝑘0+𝛼𝐼1𝑇+𝛼𝐼2𝑇2)(1+tanh((𝑝0+𝛼𝑝𝑇)(𝑉𝑔𝑠−𝑉𝑝𝑘0−𝛼𝑉𝑇)))
   (5.8) 

Figure 5.8 shows the effect of temperature on the reflection coefficient at a given gate voltage. 

It can be noticed that as temperature increases, the reflection coefficient transition from 1 to -1 

T=25oC Sim
T=25oC
T=100oC
T=150oC
T=200oC

T=250oC As T increases
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shifts to the left, causing the zero reflection point to move from -2.35V to -2.6V. 

 

Figure 5.8: Reflection coefficient at drain terminal of the transitory based on RDS model versus 

gate voltage at different temperatures. 

The gate to source voltage is time varying and can be expressed as: 

𝑉𝑔𝑠 = 𝑉𝐺𝑆 + 𝑣𝐿𝑂 cos(𝜔𝐿𝑂𝑡)     (5.9) 

where VGS is the gate biasing voltage. 

Substituting (5.9) in (5.8) and (5.8) in (5.7) and using numerical integration we can find 

the CL at different temperatures. Figure 5.9 shows the predicted conversion loss using the 

developed model at different temperatures. It can be noticed that at small vLO the conversion loss 

variation is very large while at large value the temperature has a small effect on conversion loss. 

This due to the fact that temperature variations of Vpk has the negligible impact on large vLO. 

 

Figure 5.9: Computed conversion loss using the developed model versus LO power at fixed VGS 

of -2.35 V. 
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5.2.3.3 CL at Optimum Biasing with Temperature 

Temperature effects can be minimized with one of two approaches 1) using high LO power 

> 5dBm which will impose more challenge on the LO design. The second option is to design 

optimum biasing voltage that compensate for the temperature variations and in this way, the LO 

design can be relaxed. 

In order to mitigate the conversion loss variations with temperature, the slope of CL with 

temperature (TC) has to be zero which leads to 
𝜕𝐶𝐿(𝑡,𝑇)

𝜕𝑇
= 0. 

By deriving (5.7) and equating it to zero we can find: 

𝑉𝑑𝑐,𝑂𝑝𝑡 = 𝑉𝑝𝑘0 + 𝛼𝑉𝑝𝑘𝑇 −
1

(𝑝0+𝛼𝑝1𝑇+𝛼𝑝2𝑇2)
tanh−1 1

𝑍0𝛼(𝐼𝑝𝑘0+𝛼𝐼𝑝𝑘
𝑇+𝛼𝐼𝑝𝑘2

𝑇2)
  (5.10) 

Eq (5.10) shows the optimum adaptive biasing voltage that can provide zero temperature 

reflection coefficient. Figure 5.10 shows the optimum biasing voltage versus temperature. It can 

be noticed that at temperature below 250 oC the gate biasing follows the variation of vpk. Therefore, 

at temperature below 250 oC can be approximated to a linear equation:  

𝑉𝑑𝑐,𝑂𝑝𝑡𝑖𝑚𝑢𝑚 = 𝑉𝑝𝑘0 + 𝛼𝑉𝑝𝑘𝑇     (5.11) 

Biasing voltage with linear behavior with temperature can be easily implemented in analog 

circuit.  

 

Figure 5.10: Optimum gate-to-source voltage versus temperature based on the developed RDS 

model. Blue is the exact model and red is the approximated model. 

 

Optimized CL can be obtained by inserting (5.11) in (5.8) and (5.8) in (5.7) solving (5.7) 

numerically. Figure 5.11 shows the predicted CL after applying the optimum biasing derived in 
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(5.7). It can be noticed that there is a very small increase in CL with temperature due to the increase 

of Ron with temperature.  

The implementation of the adaptive bias circuit that provides the optimum biasing will be 

discussed in Section 5.9. 

 

Figure 5.11: Estimated optimized CL at different temperature. 

5.2.4 Proposed Mixer Design  

The proposed mixer aims to upconvert the IF of 97.5 MHz to 230 MHz – 253 MHz and 

downconvert the RF band 230 MHz – 253 MHz to the IF of 97.5 MHz with LO frequencies of 328 

MHz - 350.5 MHz. The design objective is to operate the mixer reliably at high temperatures while 

providing low downconversion and upconversion losses and reasonable linearity. The proposed 

mixer is designed and prototyped on a PCB. 

5.2.4.1 Transistor Biasing 

Figure 5.12 shows the circuit diagram of the proposed mixer with highlight on the biasing 

network. RFC denotes an RF choke, Cbk a DC blocking capacitor, and C a bypass capacitor. They 

serve as a bias-T for the gate bias voltage Vgg. Another RFC connected at the drain side ensures 0 

V at the drain. As there is no drain-source current, the channel behaves as a variable resistor, whose 

resistance depends on the gate voltage. 
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Figure 5.12: Bias network for the resistive FET mixer. 

As the first step, the mixer is biased to the optimal gate voltage to minimize the CL. Figure. 

5.13 shows a simulation result of the CL versus the gate voltage for the circuit in Figure 5.12 

without the matching networks. The CL of 11.5 dB is achieved for the optimum gate voltage of -

2.35 V.   

 

Figure 5.13: Simulated conversion loss versus the gate voltage at room temperature without 

matching networks at the mixer ports. fLO is fixed to 340.5 MHz, and LO power is 0 dBm. RF 

power =-30 dBm and fIF= 97.5 MHz. Optimum gate voltage is -2.35V. 

5.2.4.2 Matching Networks 

The variations of microstrips are negligible with temperature for the frequency bands [80]. 

Although the operating frequencies are in VHF band for the proposed mixer, microstrip 

transmission lines are used to match the transistor terminals to 50 Ω.  
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First, the LO port is matched to 50 Ω at the center frequency (=340.5 MHz) of the LO 

frequency range and ideally short-circuit for other frequencies. The impedance looking into the 

gate is mainly capacitive of 0.435-j90.7 Ω. A transmission line TL1 with a shunt resistor R2 of 100 

Ω at the gate makes the gate match to 50 Ω at LO frequencies. 

The impedance looking into the drain at the center frequency (=241.5 MHz) of the RF is 

22.9-j0.436 Ω. TL2 is used to match the drain to the RF port at the RF. The impedance looking 

into the drain at the IF port is 21.389 – j1.856 Ω, and TL3 is used to match the IF port. The final 

schematic of the mixer is shown in Figure 5.14. 

LO

RFC

TL2

TL1
IF

LO MN

IF MN

Cbk

R2

Vgg

C3

RF

RF MN

TL3

RFC

 

Figure 5.14: Proposed resistive FET mixer with the matching networks. 

5.2.4.3 Prototype 

The proposed mixer shown in Figure 5.15 is prototyped with Qorvo T2G6000528-Q3, a 

0.25µm GaN on SiC HEMT, and assembled on RO3010 PCB board. 

 

Figure 5.15: A photograph of the mixer prototype. 
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5.2.5 Resistive Mixer Measurement Results  

This section presents measured results for the mixer at temperatures ranging from room 

temperature to 250 oC. Also it compares the performance between the room temperature and 250 

oC and suggests how to mitigate the performance variations with temperature. 

5.2.5.1 Measurement Objectives and Environment  

The main objectives are to test the proposed mixer design at high temperatures and validate 

the model and analysis carried out in the previous sections. For this purpose, the mixer board is 

placed inside a Yamato natural convection drying furnace. Special high temperature cables and 

connecters are used for the measurements. An R&S ZVL network analyzer is used to measure s-

parameters. For down CL measurements, the RF port is connected to R&S SMBV100A vector 

signal generator. The IF port is connected to R&S FSU26 spectrum analyzer. The mixer LO port 

is connected to Agilent signal generator E4411B, which functions as a variable oscillator. Figure 

5.16 shows the test setup for CL measurements. For up CL measurements, the IF and RF ports are 

swapped. Keysight and R&S signal generators and an Anritsu spectrum analyzer are used for 

compression measurements. Rigol power supplies are used to set up the required bias. 

DP831A Power Supply

Agilent E4411B (LO)

R&S SMBV100A S. Generator (RF)

R&S FSU26 Analyzer (IF)Yamato DX302C

Drying Oven

 

Figure 5.16: A test setup for conversion loss measurements. 

5.2.5.2 Resistive Mixer Measurement Results 

5.2.5.2.1 Conversion Loss vs. RF Frequency  

The mixer is biased initially to minimize down and up conversion losses at room 

temperature. The measurement results indicate that Vgg of -2.35 V provides optimal performance 

in terms of the CL at room temperature. The furnace temperature is gradually elevated up to 250 
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oC, while Vgg is fixed to -2.35 V. The measured down and up CL versus RF at 25 oC, 150 oC, 200 

oC, and 250 oC are shown in Fig. 9 and 10, respectively. It can be observed that as the temperature 

increases, the CL increases steadily. The down CL increases by 1.6 dB (from 6.46 dB to 8.06 dB) 

at 243 MHz for the LO power of 2.5 dBm as shown in Figure 5.17. The up CL increases by 1.4 

dB under the same condition as shown in Figure 5.18. 

 

Figure 5.17: Measured downconversion loss versus RF frequency at different temperature levels. 

Vgg is fixed to -2.35 V.  fLO varies from 328.0 MHz to 350.5 MHz, and LO power is +2.5 dBm. 

RF power = -30 dBm and fIF= 97.5 MHz. 

 

Figure 5.18: Measured upconversion loss versus RF frequency at different temperature levels. 

Vgg is fixed to -2.35 V.  fLO varies from 328.0 MHz to 350.5 MHz, and LO power is +2.5 dBm. 

RF power = -30 dBm and fIF= 97.5 MHz. 
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5.2.5.2.2 Conversion Loss vs Lo Power 

The LO power is swept from -10 dBm to 20 dBm under the fixed RF power of -30.0 dBm, 

fLo=340.5 MHz, fRF=243 MHz, and fIF=97.5 MHz. The CL varies largely under a low LO power, 

but the variance becomes smaller for a high LO power. Figure 5.19 shows the measured and 

predicted conversion loss using the developed model at different temperatures. It can be noticed 

that the measured and predicted models match very well at all temperatures. Also, it can be seen 

that at small vLO the conversion loss variation is very large while at large value the temperature has 

a small effect on conversion loss. This due to the fact that temperature variations of Vpk has the 

negligible impact on large vLO. The CL is saturated to 6.2 dB at the LO power of around 5 dBm at 

room temperature and 6.9 dB at the LO power of around 10 dBm at 250 oC. The CL varies by a 

factor of 12.7 dB as the temperature changes from room temperature to 250 oC under the LO power 

of -10 dBm.  

 

Figure 5.19: Measured and computed conversion loss using the developed model versus LO 

power at fixed gate voltage at different temperatures. 

5.2.5.2.3 Conversion Loss at Optimum Biasing vs LO Power 

To mitigate CL variations at a low LO power, adaptive gate biasing can be used to 

compensate the threshold and resistance variations with temperature. 

Figure 5.20 (a) shows the predicted and measured optimized CL versus LO power along 

with non-optimized CL at 250 oC. It can be noticed the good agreement between the predicted 

performance and the measured results. Figure 5.20 (b) shows the measured CL versus LO power 

at different temperatures after applying the optimum biasing derived in eq (5.11). By apply the 
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optimum biasing voltage the maximum CL variation can be reduced to <0.75 dB over temperature 

range up to 250 oC. 

 

(a) 

 

(b) 

Figure 5.20: Optimized CL (a) Difference between the optimized and not optimized CL at 250 
oC, (b) Measured optimized CL at different temperature. 

5.2.5.2.4 Matching vs Temperature 

Mixer impedance matching at different temperature levels is also measured. First, the s-

parameters are measured for RF, IF, and LO ports at room temperature. Then, the temperature of 

the furnace is gradually elevated up to 250 oC while keeping the gate voltage constant. Figure. 5.21 

shows s-parameters for the RF, IF and LO ports at different temperatures with the gate voltage 

fixed to the optimum at room temperature. It is observed that the LO port stays well matched even 
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if temperature increases, while the RF and the IF ports move away from the matching points. This 

is because as temperature increases, the threshold voltage decreases and Rds shifts to the left in the 

Smith charts, which results in the RF and IF ports mismatching. 

 

Figure 5.21: Measured s-parameters at different temperature levels with fixed gate voltage 

(optimum gate voltage at room temperature). 

Figure 5.22: (a) shows the s-parameters for the RF, IF and LO ports at different 

temperatures with the optimal gate voltage for each temperature level. It can be observed that the 

ports stay well matched when the gate bias is adjusted to the optimal value. This can be explained 

as the adaptive gate biasing compensates the resistance and threshold voltage variations with 

temperature. Figure 5.22 (b) shows the optimum gate voltage to maintain ports matching at 

different temperatures. The implementation of the adaptive bias circuit that provides the optimum 

biasing will be discussed in Section 5.9. 
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(a) 

 
(b) 

Figure 5.22: (a) Measured s-parameter at different temperatures with adaptive gate voltage (b) 

measured optimum gate voltage versus temperature. 
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5.2.5.2.5 Port-to-port Isolation 

The leakage from one port to another is also an important aspect for the mixer. Figure 5.23 

shows the port to port isolation measurements for the LO to RF ports and the LO to IF ports at 250 

oC. The mixer achieves 24.5 dB isolation between RF and IF ports and 28 dB isolation between 

the LO and IF ports over the frequency range of 328.0 MHz to 350.5 MHz. The isolation level 

between ports is satisfactory for the proposed mixer. 
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Figure 5.23: Port-to-port isolation. 

5.2.5.2.6  Linearity  

The linearity is measured at room temperature and 250 oC. A single-tone test is carried out 

by sweeping the RF power at fRF = 243 MHz, applying the LO power of 2.5 dBm, and the 1-dB 

compression points are measured at room temperature and 250 oC. Figure 5.24 shows the output 

IF power versus input RF power at room temperature and 250 oC. As the temperature increases, 

the linearity degrades. The input 1-dB compression point is 2.0 dBm at room temperature and -1 

dBm at 250 oC. 
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Figure 5.24: Measured IF power versus RF power at 25oC and 250oC.  fLO = 340.5 MHz to 350.9 

MHz, fRF =243 MHz, LO power =2.5 dBm, and fIF= 97.5 MHz. 

 Table 5.2 shows a comparison of the proposed mixer with the other mixers based on GaN 

devices. Among them, only the proposed mixer and the one presented by Wong et al. are capable 

of operating at 250 oC [86]. The CL of Wong et al.’s mixer is 12.9 dB at 2.5 GHz, while that for 

the proposed mixer is 6.5 dB at 243 MHz. Also the required LO power for Wong et al.’s mixer  is 

10 dBm, while the proposed one is only 2.5 dBm. Another advantage of the proposed mixer is a 

small CL increase of 0.72 dB from room temperature to 250oC, while the increase for Wong et 

al.’s mixer is 4.35 dB. Although a fair comparison is difficult due to different technologies used, 

frequency bands, design objectives and constraints; the proposed mixer shows satisfactory 

performance for a wide temperature range with a reasonably low LO power of 2.5 dBm. 

Table 5.2: A performance comparison with state-of-the-art passive GaN HEMT Mixers. 

Parameter [76] [77] [86] This work 

Temperature (oC) 25 25 25 to 250 25 to 250 

Technology GaN HEMT GaN HEMT GaN diode GaN HEMT 

Frequency (GHz) 1.7 8 ~14 2.5 0.23 ~ 0.25 

LO Power (dBm) 14 19 10 2.5 

CL (dB) 9.5 7 ~ 8 12.9 @ 25 oC 6.5 @ 25 oC 

CL Variations (dB) - - 4.35 @ 250 oC 0.72 @ 250oC 

NF (dB) - 10 ~ 20 16.35 7 

Input P1dB (dBm) 11 22 10 5 
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5.3 Downconversion Active Mixer 

The design objective of the proposed mixer is to operate reliably at high temperatures while 

providing a moderate to high conversion gain (CG) and low CG variations with temperature. The 

design process involves circuit analysis, design, and prototyping, which is described in this section. 

There are numerous mixer designs that operate at room temperature, but very few mixer 

designs operating up to 85 oC have been reported in open literatures [90]-[92]. To our knowledge, 

our research published in [93] paper design is the first active mixer design operating at ambient 

temperature of 250 oC.   

5.3.1 Active GaN HEMT Mixer 

The topology of the proposed mixer is selected considering two key requirements, 

reliability at high temperatures and a moderate conversion gain. The Gilbert cell topology offers 

high gain, but is eliminated due to a large number of active devices required. A complex circuit is 

more vulnerable to the temperature variation, which deteriorates reliability at high temperatures. 

A common source topology with a single transistor shown in Figure 5.25 is adopted for the 

proposed mixer owing to the low circuit complexity and its thermal robustness. The GaN transistor 

technology being used to design the mixer has a large gain and able to provide the gain 

performance required by the transceiver.    

RF

LO

RFC

RFC

IF
Cbk

VddVgs

C3 C2

Combiner & Matching

Matching & Filtering

Cbk

 

Figure 5.25: A typical common source active mixer. 

The conversion gain of the mixer under the matched condition can be estimated using the 

following equation [94]: 

𝐺𝐶 =
1

4
(

𝑘g𝑀𝐴𝑋

𝜔𝑅𝐹𝐶𝑖𝑛
)

2 𝑅𝐿

(𝑅𝑠+𝑅𝑖+𝑅𝐺)
     (5.12) 
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where k is a constant around 0.5 for a sinusoidal half-wave rectified gm or 2/π for a square wave 

gm, and gMAX is the peak value of gm when the transconductance is maximum. Rs is the source 

resistance of the transistor, RG is the gate resistance, Ri is the input resistance of the transistor, Cin 

is the equivalent input capacitance that include the gate-source, pad and package capacitances, and 

RL the load resistance. Eq (5.12) assumes that the LO power is sufficiently high to drive the device 

to the peak value of gm. As the LO voltage swing is reduced, so too is the conversion gain, because 

the corresponding value of gMAX is reduced proportionally. Also it assumes the mixer ports are 

matched with lossless components. 

From eq (5.11) also, it can be noticed that conversion gain (CG) is temperature dependent 

since gm, Cin (or CGS), Ri, RG, and RS are temperature dependent. The temperature strongly impacts 

the CG when the LO voltage swing is low (LO power less than 0 dBm) because the gm variation 

with temperature becomes large. Another observation is that there is possible mutual compensation 

between the gm and Cin, RG, RS and Ri since their temperature variations have different impact on 

the CG. However, the mutual compensation for CG is bias and frequency dependent. Lastly, the 

Q of the input and output matching should be taken into the consideration if lumped components 

(particularly inductor) are used in the matching networks because the Q tends to decrease with 

temperature. 

5.3.2 Proposed Active Mixer Design 

The proposed mixer performs downconversion of RF frequencies of 230.5 – 255.5 MHz to 

IF frequency of 97.5 MHz with LO frequencies of 328 – 353 MHz. Figure 5.26 shows the circuit 

diagram of the proposed mixer. The selected GaN transistor is inherently unstable, and the design 

should provide features to prevent oscillation over a wide frequency range. R1 (=50Ω) is used for 

stabilization for low frequencies below 60 MHz. This resistor does not increase noise to the mixer, 

since the RF choke connected to the resistor has high impedance at the in-band frequencies. A 

shunt resistor R2 is connected at the gate to stabilize the device for the in-band frequency of 200 – 

300 MHz. A tradeoff has to be made for R2 between stability and noise. Simulation results show 

that 100 Ω is adequate for R2 to make the mixer unconditionally stable while adding relatively 

small thermal noise.   

The RF and LO ports are connected through two series coupling capacitors. The RF port 

is connected through Crf of 100 pF to the input matching network, which matches the RF port 
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(=50Ω) to the gate of the transistor using a transmission line TL1. Microstrip matching is used at 

the RF port, since it has smaller temperature variation compared with a lumped LC matching 

network. Capacitor C1 (=165 pF) resonates with the stub of TL1 to provide the short circuit effect 

to the IF frequency of 97.5 MHz.  The LO signal is injected through capacitor Clo to transmission 

line TL1 followed by the transistor gate. Capacitor Clo (=4 pF) is chosen small to isolate the LO 

port from the RF port. The IF port is connected to the drain of the transistor via transmission line 

TL2 and the output matching network. TL2 reduces the output power of the IF port for the LO 

frequency band (328– 350.5 MHz), and inductor L1 (=175 nH) and two capacitors, Cs (=40 pF) 

and Cp (=10 pF), form the output matching network. The output matching network matches the 

output impedance of the transistor to 50 Ω at the IF frequency.  Inductor L1 is an air core coil made 

from a high temperature copper wire, and the inductor is characterized at higher temperatures. 

Measurements show that the inductor value drops with increasing temperature, which affects the 

performance of the mixer. The variation can be compensated by adjusting the bias point at high 

temperatures. 
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Figure 5.26: Circuit diagram of the proposed mixer. 

RF chokes and DC blocking capacitor Cbk serve as a bias-T for the gate bias voltage Vgs.  

Capacitor Cs, which is part of the output matching network, also serves to block DC voltage at the 

output. Capacitors C2 and C3 are bypass capacitors.  

Figure 5.27 shows the prototype of the mixer. The transistor is shown at the center of the 

board, and two matching networks are located at low left and right sides. 
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Figure 5.27: A photograph of the mixer prototype. 

5.3.3 Active GaN HEMT Mixer Measurement Results 

This section presents measurement results of the proposed active mixer at room 

temperature and up to 250 oC. Also it compares the performance at different temperatures and 

discusses adjustment of the bias point to mitigate the performance variations with temperature. 

5.3.3.1 Measurement Setup  

Measurements with high temperature cables and connecters were carried out at room and 

high temperatures inside a Yamato natural convection drying furnace. Rohde & Schwarz ZVL 

network analyzer was used to measure s-parameters and stability, and noise figure analyzer 

N8975A for CG and noise figure (NF).  

5.3.3.2 Measured Results 

5.3.3.2.1 Performance vs RF Frequency 

Optimum bias point of Vgs = -2.57 V, and Id = 22 mA under Vdd  = 5 V results in best 

performance in the CG and NF at room temperature and is obtained through measurements.  Then, 

the furnace temperature is elevated gradually up to 230 oC under the fixed Vgs of -2.57 V. The 

performance is observed at four different temperatures of 25 oC, 150 oC, 200 oC and 230 oC. The 

measured CG versus RF frequency is shown in Figure 5.28. It can be observed that the CG drops 

with increased temperature. For example, the CG drops by 9 dB from 6 dB at 25 oC to -3 dB at 

230 oC for the frequency of 243 MHz.  It was also observed that the drain current increases to 47 

mA at 230 oC. 
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Figure 5.28: Measured conversion gain versus RF frequency at different temperatures.  fLO varies 

from 328.0 MHz to 350.5 MHz, while LO power = -15 dBm. RF power = -30 dBm, and fIF= 97.5 

MHz. 

Figure 5.29 shows the measured NF at different temperatures. The NF performance 

deteriorates as the temperature increases. For example, the NF under the frequency of 243 MHz 

increases by 6 dB from 13.0 dB at 25 oC to 19.0 dB at 230 oC.  

 

Figure 5.29: Measured noise figure versus RF frequency at differet tempaerature levels. fLO 

varies from 328.0 MHz to 350.9 MHz, and LO power is -15dBm. RF power =-30 dBm and fIF= 

97.5 MHz. 

5.3.3.2.2 Performance vs Gate Voltage 

Although our initial target temperature is 230 oC, we noticed that the mixer can operate at 

a higher temperature of 250 oC.  So we measured the performance at 250 oC for the following ones. 

The temperature is fixed at 250 oC. The bias voltage is swept to find the optimum value. It was 

observed that when Vgs is biased at -2.75 V instead of -2.57 (which is optimum at room 

temperature), the CG improves by 3.7 dB and NF improves by 1.65 dB. Figure 5.30 & Figure 5.31 

show the CG and NF versus Vgs at 250 oC, respectively. The measurement results indicate that 
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adjustment of the bias voltage according to the ambient temperature improve the performance of 

the mixer at low LO power. 

 

Figure 5.30: Measured CG versus RF frequency for differet gate bias voltages (Vgs) at 250oC. fLO 

varies from 328.0 MHz to 350.5 MHz, while LO power = -15 dBm, RF power = -30 dBm, and 

fIF= 97.5 MHz. 

 

Figure 5.31: Measured NF versus RF frequency for different gate bias voltages (Vgs) at 250 oC. 

fLO varies from 328.0 MHz to 350.9 MHz, while LO power = -10dBm, RF power =-30 dBm, and 

fIF= 97.5 MHz. 

5.3.3.2.3 Performance vs LO power 

Now, the LO power is swept from -20 dBm to +12 dBm while RF = -30.0 dBm, fLo=340.5 

MHz, fRF=243 MHz, and fIF=97.5 MHz. Figure 5.32 shows the measured CG for different 

temperatures as the LO power varies. The CG is saturated at 15.0 dB for LO power of 5 dBm at 

room temperature and 12.5 dB for LO power of 8 dBm at 250 oC. 
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Figure 5.32: Measured CG versus LO power at different temperatures. LO power varies from -20 

dBm to 15 dBm, while fLO =340.5 MHz, fRF =243 MHz, RF power = -30 dBm, and fIF= 97.5 

MHz. 

5.3.3.2.4 Linearity 

The linearity of the mixer is also evaluated at room temperature and 250 oC. A single-tone 

test is carried out by sweeping the RF power at fRF = 243 MHz and LO power = -10 dBm, and the 

1dB compression point is measured at room temperature and 250 oC. As the temperature increases, 

the linearity improves at the cost of the CG. The input 1-dB compression point is obtained as -12 

dBm at room temperature and -7 dBm at 250 oC. Figure 5.33 shows the output IF power versus the 

input RF power at room temperature and 250 oC. 

 

Figure 5.33: Measured IF power versus RF power at 25oC and 250oC.  fLO varies from 340.5 

MHz to 350.9 MHz, while fRF =243 MHz, LO power = -10 dBm, and fIF= 97.5 MHz. 
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Table 5.3 compares the performance of the proposed mixer with a few relevant active 

mixers, two at room temperature and one at 85 oC. The CG of the proposed mixer is lower than 

the other three mixers. The comparison intends to show only the standing of the proposed mixer 

performance, but should not be used as a direct comparison of the performance due to different 

ambient temperature, technology used, and design objectives. Nonetheless, we believe that the 

proposed mixer achieves good performance with relaxed VCO requirements (LO Power = -10 

dBm) at 250 oC. To our knowledge the proposed mixer is the first one operating at 250 oC reported 

in the open literature. 

Table 5.3: A performance comparison with state-of-the-art active mixers. 

Parameter [90] [91] [92] This work 

Temperature (oC) 25 25 85 250 

Technology 
0.18µm 
CMOS 

0.13µm 
CMOS 

0.18µm 
CMOS 

GaN 
HEMT 

Frequency (GHz) 0.2 ~13 3.1 ~10.6 2.5 -3.5 0.23 ~ 0.25 

LO Power (dBm) 5 -3 - -10 

CG (dB) 9.9 9.8 ~14 9.2 6 

NF (dB) 11 14.5~19 14 17 

Input P1dB (dBm) -20 -24 ~ -20 -1.5 -7 

Power Consumption 
(mW) 

0.88 1.85 5.58 50 

 

5.4 Low Noise Amplifier (LNA) 

The low noise amplifier is the main critical building block in the receiver side and the 

performance of this component determines the overall noise performance of the receiver as we 

discussed in Section II. The LNA has to provide high gain while adding a little noise. GaN power 

transistors adopted in this transceiver design have high gain but inherently unstable. Stability 

techniques need to be considered in designing process. A feedback topology was chosen based on 

stability and noise tradeoff. This topology unconditionally stabilizes the device over as wide a 

bandwidth as possible while sacrificing little noise performance. Figure 5.35 shows the proposed 
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LNA which uses a single-stage common source configuration with resistive feedback and 

micorstrip matching networks [95].  

RF In

RFC

RFC

RF OutCbk

VddVgs

C3 C2R1

Cp

Cbk

Rf = 500   

= 10   

7.3/0.34

4.2/0.34

5.5/0.3

M1

 

Figure 5.34: Resistive feedback low noise amplifier adopted for the transceiver design. The 

dimensions are in mm. 

5.4.1 Temperature Impact on the LNA Design 

For high temperature operation, the design is biased at zero temperature coefficient 

maximum available gain. At this biasing point the MAG is independent of temperature.  MAG for 

the GaN HEMT device can be expressed as follows: 

𝑀𝐴𝐺 =
g𝑚

2

4𝑅𝑒(𝑦𝑖𝑛)𝑅𝑒(𝑦𝑜𝑢𝑡)
      (5.13) 

where gm is the transcoductance of the transistor, and Re (yin) and Re (yout) are the real input and 

output impedances of the transistor, respectively. Re (yin) is equal to 𝑅𝑖𝐶𝑔𝑠
2 𝜔2 and Re (yin) is equal 

to drain-source resistance RDS. gm, Ri, Cgs and RDS are temperature dependent. In this design the 

transistor is biased so that gm and RDS both increase with temperature and their effects compensate 

each other and provide stable MAG with temperature. At this bias point the current increases with 

temperature but it is still below the self-heating limit at 230 oC.  

The noise figure performance is affected by temperature. The noise factor equations of 

two-port amplifier giving by [96]: 

𝐹 = 𝐹𝑚𝑖𝑛 +
4𝑟𝑛|Γ𝑠−Γ𝑜𝑝𝑡|

2

(1−|Γ𝑠|2)(1+Γ𝑜𝑝𝑡)
2    (5.14) 
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where rn is the equivalent normalized noise resistance of the two-port network, Γs is the source 

reflection coefficient, and Γopt is the optimum source reflection coefficient that results in the 

minimum noise factor, Fmin.  Fmin is contributed by the transistor and can be expressed as follows: 

𝐹𝑚𝑖𝑛 = 1 + 𝐾𝑔𝜔𝐶𝑔𝑠√
𝑅𝑠+𝑅𝑔

g𝑚
     (5.15) 

where Kg is a constant of value 2.5 s/F for HEMT devices, Rs and Rg are the source and gate 

parasitic resistors, respectively. 

The temperature impacts NF mainly in two parts which are the minimum noise figure part 

and matching part. For Fmin, as temperature increases, the Cgs, gm, Rs and Rg increase with 

temperature but the change mostly dominated by the Cgs and gm. The estimated Fmin for this GaN 

is ≈ 0.1 dB at 25 oC and 0.3 dB at 230 oC. The other important effect comes from the matching. 

As temperature increase the optimum source reflection increases and mainly due to Cgs increase 

with temperature which result in an increase in total noise figure.  

5.4.2 LNA Measured Results 

Figure 5.35 shows the measured power gain at 25 oC, 125 oC and 230 oC. This average gain 

at frequency of 250 MHz is 16.142 dB at room temperature and it increases by 0.65 dB at 125 oC 

to reach the maximum gain of 16.808 at the same frequency. Then, it decreases by 0.56 dB at 230 

oC to reach the gain of 16.25 dB. This temperature variation is mainly attributed to the variation 

of gm, CGS and RDS with temperature as we discussed in Chapter 4. For this LNA, the maximum 

variation of gain across temperature is less than 0.65 dB with average gain of 16.0 dB and therefore 

the gain performance with temperature is satisfactory.  

Figure 5.36 shows the measured NF at 25 oC and 230 oC. The maximum NF is 1.58 dB at 

25 oC and 2.8 dB at 230 oC, and the performance is also considered satisfactory.  
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Figure 5.35: Measured power gain for the LNA at 25 oC, 125 oC and 230 oC 

 

Figure 5.36: Measured NF for the LNA at 25 oC, 125 oC and 230 oC 

5.5 Signal Generator 

The other important building block for the transceiver design is the signal generator used 

by the mixers to up and down convert the RF signals. Figure 5.37 shows the proposed signal 

generator which is a voltage controlled oscillator (VCO) [97]. It is a common source Colpitts 
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oscillator with two GaN varactors. This topology is chosen mainly due to its simplicity and thermal 

robustness. A complex circuit is more vulnerable to the temperature variations, which deteriorates 

reliability at high temperature. A common source configuration enhances the thermal conductivity 

of the GaN transistor. The biasing condition is chosen so that the thermal effect of the package is 

minimized and the loop gain of the VCO is large enough to maintain the oscillation at wide 

temperature range. The transistor is biased at VDD = 2.5 V and Vgs=-2.5V and dissipates a maximum 

current of ID = 51 mA at RT. 

RFC

RFC

L

Vgs

C
bk

Vdd

R
L

Cgs

C
bkR s

ro

Varactor Network

RFCRFC

Vctrl

LO Out

GaN HEMT 
Varactors

= 44.2 nH 

 

Figure 5.37: Common source Colpitts voltage controlled oscillator with two varactors adopted 

for the transceiver design. 

5.5.1 Temperature Impact on the Signal Generator Design 

The loop gain has to be greater than one at all operating temperatures to satisfy the 

oscillation condition. To ensure the loop gain is equal or greater than unity, the transconductance, 

gm, has to be: 

g𝑚 ≥
𝐶2

𝑅𝑡𝐶1
      (5.16) 

where Rt is the total resistive loading of the tuned circuit and it comprises the load resistance, 

RL, the inductor series resistance, Rs, and transistor output resistance, ro. C1 and C2 are tuning 

capacitors. 

To find the loop gain that allow the transistor to oscillate at wide temperatures, gm, ro and 

Rs are characterized at different temperature ranges. It is found that from the characterization that 
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the gm decreases from 159 mS to 114 mS as temperature increases from RT to 230 oC. The other 

temperature dependent parameters are ro and Rs since the load resistance, RL, is fixed to =50Ω, and 

assumed temperature independent. It is found that temperature variation of ro and Rs leads Rt to 

decrease as temperature increases. Rt is 45 Ω at RT and 30.1 Ω at 230 oC.  For C1/C2 equals to any 

value between 0.3 and 1, eq (5.16) will be satisfied at all temperatures.  

To achieve a wide tuning range, two identical varactors are used in replace of C1 and C2. 

The main motivation for using two varactors is to achieve wide tuning range while minimizing the 

output power variation over tuning range and with temperature.  These varactors are designed using 

GaN HEMT transistor with their drain and source terminals grounded and gate terminals connected 

to control voltage through RF chocks. However, it is found that as temperature increases, both the 

capacitance and quality factor, Q, of the varactrors decrease. These temperature variations affect 

the oscillation frequency, and the tuning range, and they can be compensated by re-tuning the 

varactors as temperature increases. In addition, the effect of the gate-source, Cgs, which is 

highlighted in red in Figure 5.37, should be considered. Cgs is 2.2 pF at RT and it is connected in 

parallel with C2. Therefore, the total C2 is equal to the capacitance value of the varactor plus Cgs. 

This leads C1/C2 =0.77 at all temperatures.  

The inductor value is estimated from the oscillation frequency based on the following 

equation: 

𝑓𝑜 =
1

2𝜋√𝐿
𝐶1𝐶2

𝐶1+𝐶2

      (5.17) 

 At frequency of 340.5 MHz, the inductance value is 44.2 nH. Air coil inductor is designed using 

high temperature copper wire. However, it is found that as temperature increases, the Q of the 

inductor decreases. The decline of Q for both the inductor and varactor with temperature degrade 

the phase noise performance at 230 oC.  

The temperature effect on phase noise of the VCO design is estimated using (5.18) [98].  

𝐿{∆𝜔} = 10 log [
2𝐹𝑘𝑇

𝑃𝑠𝑖𝑔
[1 + (

𝜔𝑜

2𝑄∆𝜔
)

2

] [1 +
∆𝜔

1/𝑓3

|∆𝜔|
]]        (5.18) 

where L{Δω} is SSB noise spectral in units of dBc/Hz. k is Boltzman’s constant, T is temperature 

in Kelvin, Psig is the power fed to the transistor, ωo is the oscillation frequency, and Δω is the offset 
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from ωo. Q is the unloaded quality factor of the resonator, F is the noise figure of the oscillator and 

Δω1/f
3 is the noise corner frequency of the transistor. As temperature, T, increases to 230 oC, F 

increases by 1.5 dB, and Psig decreases by 1.0 dB. Also, Q decreases by 40%. This leads to 6.0 dB 

increase in the phase noise at 230oC. This increase agrees with the measurements shown later in 

Figure 5.40. Although there is 6 dB increase at high temperature the performance is still satisfactory 

since the predicted phase noise at high temperature is better than -109 dBc/Hz at 100KHz offset. 

5.5.2 Signal Generator Measured Results 

The designed VCO performance is firstly measured at RT. The design is biased at Vdd of 

2.5 V and gate voltage Vgs of -2.5 V. The control voltage, Vctrl, is swept from -6V to 0V. The 

output frequency changes from 327.5 MHz to 367.7 MHz with tuning range of 40.2 MHz at RT. 

Then, temperature of the furnace is elevated gradually up to 230 oC.  As temperature increases the 

output frequency decreases at given control voltage. Figure 5.38 shows the output frequency versus 

control voltage at different temperatures. It can be observed that as temperature increases to 230oC, 

the output frequency ranges from 320.8 MHz to 360.2 MHz, representing frequency shifts by 8 

MHz while maintaining the same tuning range of 40 MHz. This frequency shift at high 

temperatures does not affect the required tuning range for the designed transceiver. 

 

Figure 5.38: Output frequency versus varactor control voltage at different temperatures.  

Figure 5.39 shows the output power versus control voltage at 25oC, 100 oC, 170 oC and 

230 oC. It can be noticed that the output power of the VCO varies from 18.16 to 19 dBm over the 
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control voltage at RT, resulting in 0.83 dB maximum variation at RT. This small variation is due 

to the fact that two varactros being used and tuned at the same time which leads to small variation 

in the output power. As temperature increases, the output power decreases. The output power of 

the fundamental frequencies of the VCO varies from 17.11 to 18.0 dBm at 230 oC, indicating a 

0.85 dB variation over the tuning range and 1.5 dB variation with temperature. The amplitude drop 

with temperature is due to the fact that gm decreases as the temperature increases. 

The harmonics of the VCO has been measured. The second harmonic ranges from -20.46 

dB to -25.44 dB below the output power of the fundamental frequency. 

 

Figure 5.39: Output power versus varactor control voltage at different temperatures. 

The phase noise at 100 KHz offset varies from -109 dBc/Hz to-121 dBc/Hz over frequency 

tuning range. Figure 5.40 shows the phase noise of the VCO at the center of the tuning range at 

frequency of 340.5 MHz for different temperatures. It can be noticed that as the temperature 

increases the phase noise increases as it is predicted by (3). The phase noises at frequency offset 

of 100 KHz are -116.4 dBc/Hz and 110 dBc/Hz at 25 oC and 230oC, respectively. Although the 

phase noise deteriorates by 6.4 dB at 230oC, the performance is satisfactory.  Also, it can be noticed 

that there are two peaks in the phase noise between 1 MHz and 10 MHz frequency offset and these 

are mainly due to the noise generated by the power supply. 
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Figure 5.40: Phase noise at different temperatures. 

5.6 Power Amplifier (PA) 

The proposed PA adopted for transceiver design is shown in Figure 5.41. The PA is designed 

with a different Qorvo GaN transistor [99]. It is designed with Qorvo T2G6003028-FL GaN on SiC 

HEMT for its high junction temperature, high gain, and high linearity performance. The suggested 

bias point in the datasheet is 𝐼𝑑 = 200 𝑚𝐴 and 𝑉𝑑 = 28 𝑉, which is adopted for the proposed PA. 

We measured the I-V characteristics for the device at the ambient temperature of 230 °C and 

verified its ability to operate for class A under the bias point due to a low input signal level.  
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Figure 5.41: Class A power amplifier adopted for the transceiver design 
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5.6.1 Temperature Impact on the PA Design 

The on-board bias tee is formed from the DC blocking capacitors (C1 through C3) and RF 

chokes (RFC). Since there are few choices of COTS passive components for temperatures above 

230 °C while meeting the required value, voltage, and/or power rating, some passive components, 

such as C3, are implemented with a series connection of three capacitors. The gate resistor R1 (=50 

Ω) intends to increase the stability of the circuit at the cost of a lower gain and an increased noise 

figure, and the capacitor C3 is a blocking capacitor. 

Due to the temperature stability of the microstrip transmission lines, the input and output 

matching networks are implemented with microstrips to match impedance to the input and output 

of the active device. The input and output matching networks is also designed to have a minimal 

input and output return losses (RL). EM simulations were used to design the networks. 

The bias point of the transistor is set to 28 V and 200 mA, which dissipates 5.6 W. Qorvo’s 

T2G6003028-FL GaN on SiC HEMT offers a high 𝑇𝐽 = 275 °𝐶 and a low 𝑅𝜃𝐽𝐶 =

4.0 °𝐶/𝑊among COTS GaN HEMTs. Chemtronics CW7100 thermal paste is chosen for this 

prototype [100], and it is obtained that 𝑅𝜃𝐶𝐻 = 0.4 °𝐶/𝑊 , the thermal resistance from the case to 

the heat sink, which is estimated using (5.19): 

𝑅𝜃𝐶𝐻 =
𝑑

𝑘∙𝐴
      (5.19) 

where d is the thickness of the thermal paste, k is the thermal conductivity, and A is the cross 

sectional area of the active device.  The Wakefield-Vette 423K heat sink is chosen due to its low 

thermal resistance of 𝑅𝜃𝐻𝐴 ≈ 1.0 °𝐶/𝑊. Using those parameters, the ambient temperature TA = 

245 °C can be obtained from (5.1), and the ambient temperature TA is above the target operating 

temperature of 230 °C. 

5.6.2 PA Measured Results 

The bias point of the transistor is dependent on ambient temperature. Figure 5.42 shows the 

bias gate voltage Vgs necessary to maintain the drain current at 200 mA. The gate voltage decreases 

as the ambient temperature increases. This means that the proposed PA can operate at any 

temperature below 230 °C by simply adjusting the bias gate voltage. 
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Figure 5.42: Vgs versus ambient temperature. 

Figure 5.43 shows the gain S21, the input return loss (IRL) S11 and the output return loss 

(ORL) S22 at 230 °C. The peak gain is 24 dB at 255 MHz with less than 1 dB ripple in the passband, 

and the IRL at 230 °C is less than -10 dB for the frequency of interest from 228 MHz to 263 MHz. 

The ORL at 230 °C is less than -9 dB for the frequency of the interest from 228 MHz to 263 MHz. 

 

Figure 5.43: Measured gain, IRL, ORL at 230 °C. 

 Figure 5.44 shows the output and input 1-dB compression (OP1dB and input P1dB) and 

output and input third intercept points (OIP3 and IIP3) of the PA versus temperature. The linearity 

performance increases as temperature increases and this is due to the fact the gain of the PA 

decreases as temperature increases.  The OP1dB is about 32 dBm and OIP3 is 38 at 230 °C. The 
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OIP3 is measured with two tones, 240.4 MHz and 240.6 MHz. The high OP1dB and OIP3 indicate 

high linearly performance of the proposed PA. 

 

Figure 5.44: Linearity performance of the PA versus temperature. 

5.7 Filters 

For the proposed transceiver, there will be four filters, which are the image filter and the IF 

filter for the receiver and the harmonic filter and the IF filter in transmitter. These filters are crucial 

for the system performance, and they are required to provide stable performance at different 

temperature in addition to the low insertion loss and high rejection for the out of band frequency 

requirements. For this work, the RF image and IF filters are designed, with emphasis on 

temperature insensitive performance while meeting the system requirements [101].   

RF and IF filters are critical parts of RF communication systems. Lumped filters suffer from 

large temperature variations, particularly inductors vary vastly with temperature [102]. Active 

filter topologies are also undesirable because of the high temperature effects in transistors. 

Moreover, active filters dissipate power and generate heat. Several passive filter designs were 

investigated [101]. A combline filter topology shown in Figure 5.45 is selected. Combline filters 

can be implemented in microstrip, which has less variation with temperature, and also offers 

compact size, sharp roll-off characteristics, and large separation (about four times of the center 

frequency) of the second passband from the primary passband [103]. 
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Figure 5.45:  Combline filter structure (left) and Self and mutual capacitances of coupled lines in 

combline filter (right) 

Combline filters consist of coupled resonators which are short circuited at one end, with a 

lumped capacitor between the other end and ground. Lines 0 and n+1 provide matching between 

the input/output ports and the resonators. The order n of the filter is equal to the number of 

resonating stubs. The signal propagates by the means of coupling between those lines. Coupling 

is achieved through fringing fields that are caused by the mutual capacitance between the lines, 

and the self-capacitance between the line and ground. The spacing between the lines determines 

these capacitances, which in turn determines the coupling between lines. The length of the lines is 

generally λ0/8 long, in which the corresponding electrical length is π/4. Since a π/4 short circuited 

stub represents an inductor, the short circuited line with the lumped capacitor can be considered as 

an inductor and a capacitor in parallel. The resonant frequency is set by the inductance of the stub 

and the lumped capacitance. 

Figure 5.46 shows the RF and IF filters which are designed using Rogers 4003C and 3010 

PCBs. The dimensions of the RF filter are 11.5 cm x 5.45 cm shown in Figure 5.46 (a), and the 

dimensions of the IF filter are 15.7 cm x 2.49 cm shown in Figure 5.46 (b).  The third filter shown 

in Figure 5.46 (c) is designed using 3010 PCBs which has higher dielectric constant εr =11.2. The 

stubs are grounded using screws. The performance of the prototyped filters including insertion 

loss, return loss, are measured at both at room temperature (25 °C) and 250 °C. 
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Figure 5.46: Combline filters examples (a) 7th order RF combline filter prototyped with RO4003 

PCB that has εr =3.55. It has 30 MHz bandwidth (b) 3rd order combline filter operating in IF 

band prototyped with RO4003 PCB that has εr =3.55. It has 10 MHz bandwidth (c) 5th order 

combline filter operating in IF band prototyped with RO3010 PCB that has εr =11.2. It has 4 

MHz bandwidth. 

The measured insertion and return losses for the RF filter at 25 °C and 250 °C are shown 

in Figure 5.47. It can be noticed that the 3-dB bandwidth is 30.4 MHz at 25 °C, and 29.1 MHz at 

250 °C. The insertion loss increases slightly as the temperature increases. The insertion loss is 3.37 

dB at the center frequency of 241.75 MHz at room temperature and 4.55 dB at 250 °C. However, 

filter rejection improves as temperature increases. The rejection at the frequency of 260 MHz is 

40.77 dB at room temperature and 44.28 dB at 250 °C, which represents 4.0 dB improvement at 

250 °C. Measured return loss is higher than 12 dB, and it has negligible variation with temperature.  
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Figure 5.47: Measured insertion and return losses of the RF filter (Figure 5.46 (a)) at 25 °C and 

250 °C. 

Figure 5.48 shows the measured insertion and return losses for the IF filter. The insertion 

loss at the center frequency of 97.5 MHz increases by about 0.76 dB from 2.69 dB at room 

temperature to 3.45 dB at 250 °C. The rejection at the stop band frequency of 125 MHz is 48 dB 

at room temperature and at 250 °C. Return loss is about 10 dB in the passband and has negligible 

variation with temperature. Thus, the filters maintain all their characteristics at high temperature. 
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Figure 5.48Figure 5.48: Measured insertion and return loss of IF filter (Figure 5.46 (b)) at 25 °C 

and 250 °C. 

Figure 5.49 shows the simulated insertion and return losses for the 5th order of the IF filter 

shown in Figure 5.46 (c). The insertion loss at the center frequency of 97.5 MHz is -8.528 dB and 

the 3-dB bandwidth of this filter is 4 MHz. The rejection at 102 MHz is 40 dB.  
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Figure 5.49: Simulated insertion and return loss of IF filter (Figure 5.46 (c)) at 25 °C. 
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5.8 Diplexer 

Figure 5.50 shows the diplexer design adopted for our transceiver. It consists of power 

divider/combiner and filters for transmit and receive bands to enhance the isolation between the 

two ports. Both the power divider/combiner and filters are realized in microstrip due to its 

temperature stability. The power divider/combined adopted for our diplexer is based on unequal 

power dividing ratio Wilkinson divider presented in [104]. The power division ratio, k, which is 

the power of the receive band to power of the transmit band is 2. The main motivation for this 

power division ratio is to reduce the insertion loss for the receive path which improves the total 

NF of the receiver. The power divider is prototyped using Roger’s RO 4003C PCB. The measured 

results showed that the insertion loss for the power divider’s receive port is 1.8 dB and 4 dB for 

the transmit port. The isolation between the transmit and receive ports is 20 dB. The measured 

results showed a negligible effect of temperature on the port to port isolation and insertion loss. 

Figure 5.51. shows the measured insertion loss for the diplexer. The total insertion loss for the 

diplexer is 5.1 dB in the receive path and 7.3 dB in the transmit path. 
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Figure 5.50: Diplexer adopted for the transceiver design. 
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Figure 5.51: Insertion loss for the diplexer. 
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5.9 Adaptive Bias Circuit 

GaN high-electron-mobility-transistor (HEMT) RF devices are used for high temperature 

RF circuits, and those circuits require temperature compensation techniques to maintain optimum 

performance at all temperatures. These techniques can be achieved either by optimizing the bias 

of the design to reach a mutual compensation of the device parameters as we discussed in the LNA 

design or by applying external temperature dependent biasing that can provide the optimum 

performance at all operating ambient temperatures. In this section, an adaptive biasing technique 

and circuit design for GaN HEMT based RF building blocks are proposed. 

5.9.1 Block Diagram 

  Typical GaN transistors operate in depletion mode and require negative bias voltages. 

Therefore, a DC to DC converter is needed to convert the positive supply voltage to a negative 

voltage. Then, the generated negative voltage is applied to a temperature dependent bias voltage 

controller to generate the bias voltage with the required voltage level and temperature coefficient 

to provide the optimum performance for the RF building block. Figure 5.52 shows the block 

diagram of the proposed adaptive bias approach.  

RF Choke

Bypass Cap

Blocking Cap

GaN HEMT

Temperature 

Voltage Control

VDD

Negative Voltage 

Generator

VEE Vb

Compensation Circuit

RF Building Block  

Figure 5.52: Block diagram of the proposed high temperature adaptive bias technique for a GaN 

HEMT based RF building block. 
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5.9.2 Circuit Implementation  

Figure 5.53 shows the circuit diagram of the adaptive biasing circuit. The negative voltage 

generator is realized by utilizing multivibrator oscillator to generate a periodic square signal. The 

periodic signal is then applied to a voltage double to generate a negative voltage. When the 

oscillator signal is high (VH) the capacitor C1 starts to charge.  D1 is shorted while D2 is open. The 

maximum voltage on C1 is the signal amplitude, VH, minus the voltage drop on the diode, D1. When 

the oscillator signal is low, the terminal of capacitor C1 is grounded that makes D1 open and the 

D2 short. Then by applying CVL, VEE becomes: 

𝑉𝐸𝐸 = −(𝑉𝐻 − 𝑉𝐷1 − 𝑉𝐷2)    (5.20) 

Now, VEE is applied to temperature dependent bias voltage control circuit, which will 

adjust the voltage offset and temperature coefficient of the generated bias voltage. The output bias 

voltage, Vb can be derived as: 

𝑉𝑏 = 𝑉𝐸𝐸 + (
𝑅2

𝑅3
+ 1) 𝑉𝐵𝐸    (5.21) 

where VBE is the base-emitter voltage of the BJT and VEE and VBE are temperature dependent.  

VBE of the SiC BJT can be expressed by: 

𝑉𝐵𝐸 = 𝑉𝑇 ln (
𝛼𝐼𝐸

𝐼𝑆
)     (5.22) 

where VT is thermal voltage, IS is the saturation current, IE is the emitter current, and α is the 

current ratio. 

Substituting (5.22) into (5.21), we obtain: 

𝑉𝑏 = 𝑉𝐸𝐸 + 𝑉𝑇 (
𝑅2

𝑅3
+ 1) ln (

𝐼𝐶

𝐼𝑆
)   (5.23) 

The overall temperature coefficient of Vb can be adjusted by controlling the VT through the 

resistors ratio of R2 and R3 and IC. 
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Figure 5.53: Circuit diagram of the proposed high temperature adaptive biasing circuit for a GaN 

HEMT based RF building block. 

For high temperature implantation, XTR655 multivibrator manufactured by XREL 

semiconductor is used [105]. The specified temperature in the datasheet is up to 230 oC. Diodes 

and capacitors high temperature is also used. SiC biploar junction transistor (BJT) from GeneSiC 

Semiconductor [106] is used and high temperature models used in the simulation. Their model is 

verified up to 250 oC. The capacitor values need to be chosen so that they provide small charge 

time and low ripples. In our design, C1 = 10 nF and C2 = 22 nF found to provide reasonable 

charging time and low ripples. These capacitors are temperature independent and can be found in 

[107]. Vishay resistors with very low TC is also used [108].  

5.9.3 Simulation Environment and Results 

A behavioral model for XTR655 multivibrator is used. A SiC transistor GeneSiC 

GA05JT01-46 is chosen for the design [106], and its temperature effects are investigated. Figure 

5.54 shows simulation results on collector current versus temperature under various base currents. 

As the temperature increases, the collector current decreases for a given base current. It can be 

noticed that the slope of the IC changes as IB changes. 
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Figure 5.54: Collector current versus temperature at different base current. 

Next, the adaptive bias circuit is simulated with different resistors ratios. Figures 5.55 and 

5.56 shows the effects of R1 and R3 on temperature coefficient of the generated bias voltage. It can 

be noticed from both figures that R1 and R3 can set a wide range of TC value for the Vb. 

 

Figure 5.55: The output voltage versus temperature with R1 being swept from 20 KΩ to 29 KΩ 

and R2 and R3 are fixed to 0.7 KΩ and 23 KΩ, respectively. 
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Figure 5.56: The output voltage versus temperature with R3 being swept from 18 KΩ to 30 KΩ 

and R1 and R2 are fixed to 22 KΩ and 0.7 KΩ, respectively. 

The voltage offset of the generated bias voltage can be adjusted by controlling VEE and R2. 

Figure 5.57 shows the effect of R2 on the voltage offset of the Vb. It can be noticed by changing 

R2, a fine tuning for the voltage offset can be obtained.   

 

Figure 5.57: The output voltage versus temperature with R2 being swept from 0.4 KΩ to 1.3 KΩ 

and R1 and R3 are fixed to 22 KΩ and 23 KΩ, respectively. 
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Next, the adaptive bias circuit is optimized to be applicable to the passive mixer bias 

presented in section 5.2. Figure 5.58 shows the simulation results of the compensation circuit along 

with an example of the required bias voltage of an RF building block which is passive mixer. It 

can be noticed that the simulation and required bias voltage are very close from each other. The 

resistor values that provide the simulated bias voltages are R1 = 22 KΩ, R2=0.7 KΩ, and R3 = 23 

KΩ and temperature independent, Vishay resistors have very small TC [108] and used in this 

design. The current consumption at VDD=6V and VEE = -4.5V for the temperature voltage bias 

controller is shown in Figure 5.59. Transient response for the compensation circuit is shown in 

Figure 5.60. The circuit reached the steady state after 0.15 mS. 

 

Figure 5.58: An example for a biasing requirement for a RF mixer with the simulation results of 

the proposed adaptive bias circuit. 
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Figure 5.59: The current consumption for the temperature voltage controller circuit. 

 

Figure 5.60: Transient response for the adaptive bias circuit. 

To summarize, the proposed adaptive bias circuit can be applicable to any of the GaN based 

RF building blocks up to 250 oC. The TC of the generated bias can be controlled by the resistors 

ratio of the bias controller and voltage level can be fine-tuned by controlling R2. 
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5.10 Chapter Summary 

In this chapter, the design and analysis of the building blocks were introduced. First, we 

presented high temperature design considerations that include the thermal analysis for the 

packaged device along with a PCB/heatsink, and passive component selection. Then, we 

elaborated on the resistive mixer design which is used in the transmitter design as an upcnverting 

stage. Detailed analysis and verified by measurements was presented. The analysis was carried out 

using the high temperature RDS model was developed in chapter 4. Furthermore, the bias voltage 

that provides optimum performance at a wide temperature range was predicted using the analysis 

and verified though measurements. Next, the active mixer which is used in the receiver as a 

downconversion stage was also elaborated.  The impact of temperature on conversion gain and 

noise figure was discussed. Then, bias voltage for the optimum conversion gain and noise figure 

performances at a wide temperature range was identified through measurements. Then, analysis 

and measurements for the low noise amplifier, signal generator, power amplifier, filters and 

diplexers were presented. Finally, a novel adaptive bias circuit for depletion mode GaN based RF 

building block was proposed. The concept was first explained through block diagram. Then, the 

circuit implementation and temperature analysis was presented. The performance was verified 

through simulation. The adaptive bias circuit provides temperature dependent bias voltage that 

closely matches the optimum bias voltage required by the resistive mixer. The temperature 

coefficient of the output bias voltage can be easily adjusted by changing the resistors ratio of the 

controller to match the bias voltage for the other building blocks. 
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 Transceiver Prototype and 

Measurement Results 

This chapter presents the prototyped of the integrated receiver and transmitter. Next, the 

measurement setup and environment for the prototyped transceiver is introduced. Lastly, the 

measurement results for the performances of the signal generator, the prototyped receiver and 

transmitter at temperatures up to 230 oC are presented. 

6.1 Transceiver Prototype 

Figure 6.1 shows the final transceiver circuit diagram. Then, the transceiver is prototyped 

and assembled together. The final transceiver prototype is shown in Figure 6.2. The receiver is 

highlighted in green and the transmitter is highlighted in blue. The signal generator which is a 

VCO with buffer is shared by the receiver and transmitter. Both the receiver and transmitter are 

connected to the diplexer which in turns connected to a coaxial cable. All building block are 

implemented on Rogers 4003C with dielectric constant of 3.4 and 3010 boards with dielectric 

constant of 10.2. These board are selected, as they have negligible expansion for increased 

temperature and <1% change in relative dielectric constant. PA design is prototyped with 

T2G6003028-FL GaN on SiC HEMT for its high junction temperature, high linearity, and high 

power capabilities. The other building block are prototyped with Qorvo T2G6000528-Q3 

packaged with 0.25µm GaN on SiC HEMT due to low noise and low power consumption 

characteristics.  In order to reduce thermal limits and thermal noise, heat sinks with a thermal 

resistance of ~1 °C/W are used for the LNA and PA blocks. For example, the heat sink of the LNA 

reduces the overall junction-to-ambient thermal resistance to about 30 °C/W. 
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Figure 6.1: The final Circuit diagram for the transceiver. 

 

Figure 6.2: The final transceiver prototype. 
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6.2 Experiment Objective and Setup 

After initial testing and tuning for the individual building blocks, the receiver and transmitter 

boards are integrated and tested. The main goal of this experiment is to investigate the effect of 

temperature on the transmitter and receiver performances in terms of error vector magnitude 

(EVM), bit error rate (BER), adjacent channel power ratio (ACPR), and phase noise. For this 

purpose, each of the receiver and transmitter boards is placed separately inside a Yamato natural 

convection drying furnace and connected to the instruments through special high temperature 

cables and connecters. Figure 6.3 shows the measurement setup for the EVM and BER, and ACPR 

measurements. 

 

Figure 6.3: The measurement setup for BER, EVM and ACPR. 

 For the receiver measurements, R&S SMBV100A vector signal generator is connected to 

the diplexer input and the receiver is connected to the receiver port of the diplexer. The transmitter 

port of the diplexer is terminated with 50 Ω. The IF port of the receiver is connected to R&S 

FSU26 spectrum analyzer. Then, the EVM and BER are measured.  

For the transmitter measurements, the vector signal generator is connected to the IF input 

port and the output of the transmitter is connected to the TX port of the diplexer. While the RX 

port is connected to 50 Ω, the main port of the diplexer is connected to R&S FSU26 spectrum 

analyzer.  The same procedure is for the transmitter measurements. 
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6.3 Measurement Results 

In this section, measurement results at high temperature for the signal generator with 

different carrier frequencies, the receiver, and transmitter are reported. Then, the temperature 

impact on the transceiver performance is discussed. 

6.3.1 Signal Generator 

The signal generator, which consists of Colpitts voltage controlled oscillator and buffer 

connected to the VCO output, is utilized by the receiver and transmitter. The signal generator is 

characterized at different channels and at temperatures up to 230 oC. Figure 6.4 illustrates the 

measured output power of the signal generator at frequency of 340.0 MHz. The output power after 

adding the buffer drops to 3.79 dBm with less than 1 dB variation across the frequencies.  Figure 

6.5 shows the measured phase noise of the signal generator at frequency offset of 100 KHz for 

different carrier frequencies and temperatures. It can be noticed that as temperature increase the 

phase noise deteriorates and it degrades by 4 dB at 230 oC and this aligns with the estimation using 

eq (5.17). Furthermore, the phase noise improves as the carrier frequencies increase and this is 

mainly due to the fact that varactor quality factor increases with frequency. Figure 6.6 shows the 

phase noise at frequency offset of 1 MHz for different carrier frequencies and temperatures. It can 

be seen that the phase noise increases by 6 dB at 230 oC 

During the measurements, it is found that each carrier frequency is linearly dependent on 

temperature. Therefore, the control voltage has to be decreased as temperature increases in order 

to keep the same frequency. For example, the control voltage needed to generate 343.0 MHz is -

1.15 V at room temperature and -2.1 V at 230 oC. Figure 6.6 shows the required control voltage 

versus temperature for each carrier frequency. It can be observed that the control voltage is linearly 

dependent on temperature for each carrier frequency. 
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Figure 6.4: The output power for the signal generator (VCO plus buffer) at 230.0 oC. The output 

power is 3.79 dBm at f=340.0 MHz. 

 

Figure 6.5: Phase noise for different channels at frequency offset of 100 KHz. 
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Figure 6.6: Phase noise for different channels at frequency offset of 1.0 MHz. 

 

Figure 6.7: Required control voltage to maintain the output frequency of the signal generator at 

different temperatures. 

Another important observation is that we noticed that frequency drift changes based on the 

control voltage applied. Generally, the drift improves as control voltage become more negative. 

Also it improves as temperature increase. The measured frequency drift is 55 kHz and 35 KHz at 

25 oC and 230oC, respectively. 
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6.3.2 Receiver  

All building blocks of the receiver are connected together including the signal generator 

and placed inside the furnace. BER and EVM are measured at different temperatures and input 

power levels. Figures 6.8 and 6.9 show the measured constellation diagrams, EVM and BER for 

the receiver front-end with 16 QAM and 64 QAM modulation schemes, respectively at 

temperatures of 230 oC. The output of the receiver, the output of the IF filter, is connected to FSU 

vector signal analyzer. The power level of the input of the receiver is -25 dBm and data rate is 13.2 

Mbps for 16 QAM and 19.8 Mbp for 64 QAM. The result length of the FSU is set 148 symbol and 

the data for the input signal is PRBS 21. 

 

Figure 6.8: The measured constellation diagram and BER for the receiver front end with 16 

QAM modulation scheme at temperatures of 230 oC. The power level at the input of the receiver 

is -25 dBm and data rate is 13.2 Mbps. This is tested at RF signal of 245.5 MHz, LO frequency 

of 343.0 MHz and IF frequency of 97.5 MHz. 
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Figure 6.9: The measured constellation diagram and BER for the receiver front end with 64 

QAM modulation scheme at temperatures of 230 oC. The power level at the input of the receiver 

is -25 dBm and data rate is 19.8 Mbps. This is tested at RF signal of 245.5 MHz, LO frequency 

of 343.0 MHz and IF frequency of 97.5 MHz. 

Figure 6.10 shows the measured spectrum of the signal at the output of the receiver front 

end. The signal symbol rate is 3.3 and the roll off of the RRC filter is 0.2. The average power is -

30 dBm. It can be noticed that the adjacent channel power ratio (ACPR) is -70.0 dB at 3 MHz 

offset from the center frequency. 

 

Figure 6.10: The measured spectrum of the received signal at the output of the IF filter. The 

input signal of the receiver front-end is 64 QAM with average power of -55 dBm. 
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The BER and EVM of the receiver front-end is measured for the receiver at different 

received power level with different quadrature modulation (QAM) schemes. This helps to identify 

the minimum detectable signal that can the receiver front-end detect with minimum BER and EVM 

and the maximum signal that can the receiver front-end handle without deteriorating the BER and 

EVM. 

Figure 6.11 shows the measured BER versus the average received power level for 16 QAM 

scheme. The bit rate for the received power signal is 13.2 Mbps. The average received power is 

swept from -80.0 dBm to 10.0 dBm at different temperature levels. It can be noticed that the 

minimum received power that provide BER of less than 10-6 is -66.0 dBm at room temperature 

and 230 oC and increases to -60.0 dBm at 150 oC. The maximum received power that provides the 

same targeted BER is -3.0 dBm at room temperature and 230 oC and drops to -10.0 dBm at 150 

oC. The dynamic range which is the difference between the maximum detectable signal with BER 

of less than 10-6 and the minimum detectable signal with the same BER, is 63 dB at room 

temperature, 50 dB at 150 oC, and 61 dB at 230 oC.  The significant performance variations at 150 

oC is mainly due to the fact the matching performance of the LNA is optimized at 230 oC and the 

gain of the LNA is observed to be higher at 150 oC (see Figure 5.35). A higher LNA gain and 

almost fixed P1dB compression point of the mixer at 150 oC both leads to the performance to be 

compressed at lower power level compares with the cases in room temperature and 230.0 oC 

 

Figure 6.11: Measured BER for the receiver front end with 16 QAM modulation scheme. 
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It can be noticed also that the minimum BER is 10-9 this is due to the fact more than 109 

bits were sent through the receiver front end and the accumulative error was zero. 

Figure 6.12 shows the EVM versus the average received power level. This is similar to 

BER measurements. The only difference these measurements show is that EVM improves across 

the useful dynamic range as the temperature increases. This is because the frequency drift of the 

signal generator improves as temperature increase. The reason why we could not see this 

observation in BER is because the BER for 16 QAM is very small.  

 

Figure 6.12: Measured EVM for the receiver front end with 16 QAM modulation scheme. 

Figure 6.13 shows the measured BER versus the average received power level for 64 QAM 

scheme. The data rate for the received power signal is 19.8 Mbps. The average received power is 

swept from -80.0 dBm to 10.0 dBm at different temperature levels. It can be seen that the minimum 

received power that provides BER of less than 10-6 is -50.0 dBm at room temperature and 150 oC 

and -53.0 dBm at 230 oC. The maximum received power that provides the same targeted BER is -

15.0 dBm at room temperature, -18 at 150 oC and -10.0 dBm at 230 oC. The dynamic range which 

is the difference between the maximum detectable signal with BER of less than 10-6 and the 

minimum detectable signal with the same BER, is 35 dB at room temperature, 32 dB at 150 oC, 

and 43 dB at 230 oC. 
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Figure 6.13: Measured BER for the receiver front end with 64QAM modulation scheme. 

Figure 6.14 shows the EVM versus the average received power level using 64 QAM 

scheme. It can be noticed that EVM improves across the useful dynamic range as the temperature 

increases. This is again because the frequency drift of the signal generator improves as temperature 

increase which in turns reduce the phase errors, EVM and BER.   

 

Figure 6.14: Measured EVM for the receiver front end with 64 QAM modulation scheme. 

Figure 6.15 shows the measured BER for the receiver front-end versus average received 

power with 128 QAM scheme. The minimum BERs achieved are 6.3 ×10-5 at 25 oC, 3.89 ×10-5 at 
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150 oC and 2×10-5 at 230 oC. The improvements of BER with temperature is due to improvement 

of the frequency stability of the signal generator with temperature. However, the minimum BER 

is still above the required BER of 10-6. For better performance with 128 QAM, a high temperature 

PLL is needed. This will be further discussed on Future Works section in next chapter. 

 

Figure 6.15: Measured BER for the receiver front end with 128 QAM modulation scheme. 

 Figure 6.16 shows the EVM measurements versus the average received power with 128 

QAM. The minimum EVM values are 5.9% at 25 oC, 4.6% at 150 oC and 230 oC.  

 

Figure 6.16: Measured EVM for the receiver front end with 128 QAM modulation scheme. 

The main factor that affects the performance of the receiver is the frequency drift of the 

signal generator. Its effect becomes significant if the result length in spectrum analyzer is set to be 
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very large and at higher modulation order (M >64). With the high frequency instability, the 

accumulative phase error becomes high and effecting the constellation diagram. To overcome this 

issue in this measurements, the result length of the spectrum analyzer is set to 2000 symbols. It is 

observed that as temperature increases, the frequency drifts of the signal generator improve and 

hence the BER and EVM improve. The frequency stability improvements with temperature are 

due to the shift of the characteristics of the varactor to operate more in linear region at the intended 

frequencies.  

Although the performance of the receiver is limited by the frequency drifts of the signal 

generator, the receiver achieves a wide dynamic range which is enough to cover six tools in the 

downhole with speed of 20 Mbps and at temperatures up 230.0 oC. 

6.3.3 Transmitter 

Next, the building blocks for the transmitter which are the IF filter, upconversion passive 

mixer, signal generator, RF filter, and PA, are connected together and placed inside the oven. 

Using the same measurement setup shown in Figure 6.3, the EVM and ACPR for the transmitter 

are measured at 25 oC, 150 oC, and 230 oC and at different power levels.  Figure 6.17 shows the 

measured constellation diagram with a 64 QAM scheme. The measurement is taken at the output 

of the transmitter back-end. 

 

Figure 6.17: The measured constellation diagram and EVM for the transmitter back-end with 64 

QAM modulation scheme at temperatures of 230 oC. The power level at the input of transmitter 

back-end is -14 dBm and data rate is 19.8 Mbps. This is tested at IF signal of 97.5 MHz, LO 

frequency of 343.0 MHz and IF frequency of 245.5 MHz. 
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Figure 6.18 shows the measured spectrum of the transmitted signal when -13 dBm is fed 

to the input of the transmitter back-end. The measured average output power is -3 dBm at room 

temperature. The ACPR at this power level is -55 dBc. 

 

Figure 6.18: The measured spectrum of the transmitted signal at the output of transmitter (PA). 

The symbol rate for this signal is 1.64 Msps and the roll of the RRC filter is 0.22. The input 

signal of the transmitter is 64 QAM with average power of -13 dBm. The average power of this 

signal is -3.0 dB and APCR is -55 dB at 3MHz offset. 

The next measurement results show the performance of the transmitter back-end with 

different modulation schemes and with symbol rate of 3.3 Msps and RRC filter roll of 0.2. Figure 

6.19 shows the measured EVM versus the average output power with 16 QAM scheme. It can be 

noticed that as temperature increases, the maximum average output power decreases. Despite the 

improvement of the linearity performance of the PA, the degradation of the linearity performance 

of the passive mixer and PA gain drop are the limiting factors. The maximum average output 

powers while the EVM is less than 5% are +6.0 dBm at 25 oC, +5 dBm at 150 oC, and +2 dBm at 

230 oC. Also, it can be observed that as temperature increases the minimum EVM at average output 

power of -10 dBm improves. For example, EVM is 4.1 % at room temperature, and it drops to 3.2 

% at 230.0 oC. We have been seeing these improvements consistently with temperature throughout 

the receiver and transmitter measurements, and these are mainly due to the improvement of the 

frequency drift of the signal generator frequency. 
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Figure 6.19: Measured EVM for the transmitter back end with 16 QAM modulation scheme. 

The other important performance metric for the transmitter back-end is the adjacent 

channel power ratio (ACPR) measurements. It shows the effects of the transmitter’s linearity 

performance on the adjacent channel. Figure 6.20 presents the ACPR versus the average output 

power for the 16 QAM scheme. The ACPR is measured at 3 MHz offset from the carrier center 

frequency.  The ACPR at the same values that provide EVM less than 5% are -44 dBc at the 

average output power of +6.0 dBm and T= 25 oC, -41.0 dBc at the average output power of +5.0 

dBm and T = 150 oC, and -39.0 dBc at average output power of +2 dBm and T=230.0 oC. This 

indicates that ACPR decreases at the maximum average power as temperature increases. This is 

because the output of the third intercept point (OIP3) for the upconversion passive mixer and the 

gain of the PA both decrease as temperature increases.   
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Figure 6.20: Measured ACPR for the transmitter back end with 16 QAM  at different 

temperature levels. 

Figure 6.21 shows the measured EVM against the average output power for the transmitter 

back-end with 64 QAM scheme. The maximum average output powers that provide EVM less than 

5% are +3 dBm at 25 oC and 150 oC and +1.8 dBm at 230 oC. It is also observed that minimum 

EVM which is at average output power less than 0 dBm improves with temperature and this is 

mainly due to the improvement of the frequency drift of the signal generator frequency. 

 

Figure 6.21: Measured EVM for the transmitter back end with 64 QAM at different temperature 

levels. 
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Figure 6.22 illustrates the measured ACPR against the average output power for the 64 

QAM scheme. The ACPR is also measured at 3 MHz offset from the carrier center frequency.  The 

ACPR at the same values that provide EVM less than 5% are -50 dBc at average output power of 

+3.0 dBm and T= 25 oC, -45.0 dBc at average output power of +3.0 dBm and T = 150 oC, and -

40.0 dBc at average output power of +1.8 dBm and T=230.0 oC. 

 

Figure 6.22: Measured ACPR for the transmitter back end with 64 QAM at different temperature 

levels. 

Figure 6.23 shows the measured EVM against the average output power for the transmitter 

back-end with 128 QAM scheme. The maximum average output powers that provide EVM less 

than 5% are +2.7 dBm at 25 oC and 150 oC and +1.8 dBm at 230 oC. It is also observed that 

minimum EVM which is at average output power less than 0 dBm improves with temperature. and 

this is mainly due to the improvement of the frequency drift of the signal generator frequency. 
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Figure 6.23: Measured EVM for the transmitter back end with 128 QAM at different temperature 

levels. 

Figure 6.22 illustrates the measured ACPR against the average output power for the 128 

QAM scheme. The ACPR is also measured at 3 MHz offset from the carrier center frequency.  The 

ACPR at the same values that provide EVM less than 5% are -50 dBc at average output power of 

+2.7 dBm and T= 25 oC, -51 dBc at average output power of +2.7 dBm and T = 150 oC, and -38 

dBc at average output power of +1.8 dBm and T=230.0 oC.  Table 6.1 presents a summary for the 

transceiver performance at 230.0 oC. 

 

Figure 6.24: Measured ACPR for the transmitter back end with 128 QAM at different 

temperature levels. 
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Table 6.1: Summary of the transceiver performance. 

Process GaN HEMT 

Supply Voltage 4 V, 5V, 28 V 

Frequency Range 230 MHz -300 MHz 

Operating Temperature 25 oC – 230 oC 

Signal Generator 

Tuning Range 320 MHz – 360 MHz 

Phase Noise -118 dB dBc/Hz at 100 KHz offset 

Receiver 

Power Gain 16 -18 dB 

Noise Figure 7-13 dB 

Input P1dB -4 dBm 

IIP3 +5.5 dBm 

Sensitivity -68 dBm 

Minimum BER 

10-9 with 16 QAM 

10-6 with 64QAM 

3.89 ×10-5 with 128 QAM 

Dynamic Range 55 dB 

Transmitter 

Output Power 20 dBm 

P1dB 23 dBm 

EVM 

4.1% @ Pout=+1.8 with 16 QAM 

5% @ Pout=+1.8 dBm with 64QAM 

5% @ Pout=+1.8 dBm with 128 QAM 

ACPR 

-44.0 c with 16 QAM at EVM=5% 

40.0 with 64QAM at EVM=5% 

-38 dBc with 128 QAM EVM=5% 
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6.4 Chapter Summary 

In this chapter, the transceiver prototype and the measured results of the transceiver at a 

wide temperature range were introduced. First, the high temperature measurement setup and 

environment was described. Then, the measured results of the signal generator performance at a 

wide temperature range and different carrier frequencies were presented. Subsequently, the 

measured results for the receiver’s performance with different modulation schemes were reported. 

The measurement results included the bit error rate (BER), error vector magnitude (EVM) 

performances with 16 QAM, 64 QAM and 128 QAM at 25 oC, 150 oC and 230 oC. Next, the 

measured results of the transmitter’s performance with different modulation schemes were 

presented. The measurement results include EVM and adjacent channel power ratio (ACPR) 

performances with 16 QAM, 64 QAM and 128 QAM at 25 oC, 150 oC and 230 oC. The transceiver 

has achieved a wide dynamic range which is enough to cover six tools in the downhole system 

with speed of 20 Mbps and BER of 10-6 at temperatures up 230.0 oC. These results also prove the 

feasibility of using the RF transceiver for high temperature applications.  
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 Conclusion and Future Work 
 

A novel downhole communication system that employs RF front end to provide high speed 

communications between the downhole tools and the surface has been proposed. The system 

supports up to six tools and utilized a frequency division multiple access technique to provide full 

duplex and simultaneous communications between downhole tools and the surface data acquisition 

system. The system achieves 20 Mbps per tool for uplink and 6 Mbps per tool for downlink with 

bit error rate (BER) less than 10-6.  

In addition, characterizations of the GaN HEMT at ambient temperatures of 25 - 250 oC were 

conducted. These characterizations verified the possibility of using GaN HEMT for RF designs at 

high temperatures. Also, analytic model that can predict the behavior of RDS was developed. The 

model was verified by the analysis and the performance of the resistive mixer.  

Further, a GaN based RF front-end of transceiver operating at ambient temperatures up to 230 

oC was designed. Measurement results of the transceiver showed the design has met the specs for 

downhole communications. To our knowledge, this is the first RF transceiver that operates at this 

high temperature.  

Moreover, RF building blocks such as the resistive upconversion mixer and the active 

downconversion mixer were designed and prototyped. These blocks record the highest operating 

temperature in the open literature. Finally, a novel high temperature adaptive bias circuit for GaN 

based RF block was proposed. The proposed design comprised multiviabrator oscillator, voltage 

doubler, and temperature dependent bias controller. The adaptive bias circuit provides a negative 

voltage temperature dependent. The voltage level and temperature coefficient of the generated bias 

voltage can be controlled by the resistors ratio of the bias controller to match the required biasing 

voltage for a RF building block. The proposed adaptive bias circuit can be applicable to any of the 

GaN based RF building blocks up to 250 oC. 
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7.1 Summary 

Chapter 1 provides the motivation behind the proposal of the RF front-end of a transceiver 

for downhole communications and presents possible areas where the RF high temperature can be 

applied. Then, the existing and the projected downhole telemetry systems are reviewed. The 

current downhole system provides low speed and operates at temperatures of less than 175 oC. 

This system is not sufficient to support more sophisticated sensors and reach deeper wells. The 

next generation for downhole communications utilize optical fiber cables to provide 

communications between the downhole and surface. However, the communications between the 

tools and the optical node in the downhole are still the bottleneck. RF transmission using FDMA 

can provide high speed, full duplex, simultaneous communication between the surface and 

downhole tools. 

Chapter 2 discusses the necessary preliminaries for the proposed downhole communication 

system design. Some theoretical background and advantages of radio over fiber (RoF) system are 

presented, followed by a brief survey on RoF components for high temperature applications. The 

elements investigated are the optical fiber, lasers, modulators, photodetectors, and RF transceivers. 

Finally, the temperature effects on the main aspect of the transceiver performance is discussed. 

The chapter gives insight into the design philosophy for RF front-end transceiver for the next 

generation of downhole communications. This background is necessary to prepare for the system 

design that will be presented in chapter 3. 

Chapter 3 introduces the proposed downhole communication system architecture. Before 

going to the design details, the downhole channel is characterized. Then, based on the channel 

characterization, frequency planning and allocations for the transmit and receive paths are 

proposed. Next, a transceiver architecture is introduced. Superheterodyne transceiver architecture 

is adopted for the design. Subsequently, a link budget calculation to find the building blocks 

specifications is performed. After obtaining the initial specs of the transceiver building block, the 

downhole communication system is implemented in AWR simulation tool to verify the 

performance. Then, the specs for the RF building blocks are optimized to provide a data rate of 20 

Mbps per tool with BER of less than 10-6. The total number of tools included in the design is six. 

Then, the simulation results with optimized specs are presented. Finally, a summary of the 
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minimum specs is presented. With 64 QAM, this system provides a full duplex communication 

with 20 Mbps per tool for six tools with BER less than 10-6. 

Chapter 4 reviews the technology option for high temperature applications. Qorvo GaN 

HEMT technology is selected for our design since it has the highest junction temperature. This 

technology is intended for high power amplifiers. The high power consumption of the devices can 

rise the junction temperature to 275 oC at room temperature. We used these transistors to design 

our building block at low power but at high temperature. Since these transistors are characterized 

only at temperatures less than 85 oC, a new characterization at high temperature is needed. First, 

we studied the existing work on the impact of temperature on GaN characteristics. Next, the high 

temperature characterization setup is introduced. Afterwards, we performed characterizations on 

the Qorvo GaN HEMT devices at temperatures up to 250 oC. The temperature effects on drain 

current, transconductance, small signal parameters, and drain resistance are highlighted. Finally, a 

high temperature model that predicts the behavior of RDS at temperatures up to 250 oC is developed. 

Chapter 5 presents the design and analysis of the building blocks. First, the high temperature 

design considerations that include the thermal analysis for the packaged device along with a 

PCB/heatsink, and passive component selection are discussed. Then, the analysis and design of 

the high temperature RF building blocks are elaborated. The proposed resistive mixer design which 

is used in the transmitter design as upcnverting stage is presented. Detailed analysis and verified 

by measurements is described. The analysis is conducted using the high temperature RDS model 

was developed in chapter 4. Furthermore, the bias voltage that provides optimum performance at 

a wide temperature range is predicted using the analysis and verified though measurements. Next, 

the active mixer which is used in the receiver as a downconversion stage is also elaborated.  The 

temperature impacts on conversion gain and noise figure are highlighted. Then, the bias voltage 

for optimum conversion gain and noise figure performances at a wide temperature range is 

identified through measurements. Subsequently, the analysis and measurements for the low noise 

amplifier, signal generator, power amplifier, filters and diplexers are presented. Finally, a new 

adaptive bias circuit for depletion mode GaN based RF building blocks is proposed. The concept 

is first explained through block diagram. Then, the circuit implementation and temperature 

analysis are presented. The performance is verified through simulation. The adaptive bias circuit 

provides temperature dependent bias voltage that closely matches the optimum bias voltage 
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required by the resistive mixer at temperatures up to 250 oC. The voltage level and temperature 

coefficient of the generated bias voltage can be easily adjusted by changing the resistor ratio of the 

controller. 

Chapter 6 introduces the final prototype and measurement results of the transceiver at a wide 

temperature range. We begin with describing the measurement environment and test setup. Then, 

the measured results of the signal generator performance at a wide temperature range and different 

carrier frequencies are presented. Subsequently, the measured results for the receiver is reported. 

The measurement results include the bit error rate (BER), error vector magnitude (EVM) 

performances with 16 QAM, 64 QAM and 128 QAM at 25 oC, 150 oC and 230 oC. Next, the 

measured results of the transmitter are illustrated. The measurement results include EVM and 

adjacent channel power ratio (ACPR) performances with 16 QAM, 64 QAM and 128 QAM at 25 

oC, 150 oC and 230 oC. The transceiver achieves a wide dynamic range which is enough to cover 

six tools in the downhole system with speed of 20 Mbps and BER of 10-6 at temperatures up 230.0 

oC. These results also prove the feasibility of using the RF transceiver for high temperature 

applications.  

Chapter 7 summarizes and concludes the work presented in this dissertation. The research 

presented here is a first-of-its-kind proposal and consequently work can be continued in several 

different areas of concentration. New and exciting applications can be imagined with high 

temperature RF circuits and systems.  

7.2 Future Work  

There are multiple ways in which the future work can proceed in this research area. The 

first and foremost is to miniaturizing the transceiver design. Going for an IC design is an attractive 

option. This can be possible by increasing the operating frequency. Although the attenuation of 

the channel will increase substantially, it can be mitigated by having higher gain stages using more 

complex circuits which will easily fit in a IC.  

The other important improvements that may be pursued is designing a phase locked loop 

system for the transceiver. This will help to improve the frequency drift of the signal generator 

which in turns will improve the BER for higher order QAM schemes. This eventually will increase 

further the data rate of the downhole communication system.  
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Finally, designing a transceiver and RF building blocks that can operate at temperature 

higher than 250 oC is a very attainable long-term goal. For example, an application such as Venus 

explorations requires electronics to operate at ambient temperatures of 480 oC. As the wide 

bandgap technology fabrication is improved, the high temperature design will see a tremendous 

growth.  RF circuits and systems capable of operating at high temperature can open the horizon 

for many harsher environment applications and resolve many technical challenges that many 

industries face. 
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