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Design of a High Temperature GaN-Based Variable Gain Amplifier for Downhole 

Communications 

 

Mohammed Ehteshamuddin 

 

ABSTRACT 

 

The decline of easily accessible reserves pushes the oil and gas industry to explore deeper 

wells, where the ambient temperature often exceeds 210 °C. The need for high temperature 

operation, combined with the need for real-time data logging has created a growing demand for 

robust, high temperature RF electronics. This thesis presents the design of an intermediate 

frequency (IF) variable gain amplifier (VGA) for downhole communications, which can operate 

up to an ambient temperature of 230 °C. The proposed VGA is designed using 0.25 µm GaN on 

SiC high electron mobility transistor (HEMT) technology. Measured results at 230 °C show that 

the VGA has a peak gain of 27dB at center frequency of 97.5 MHz, and a gain control range of 

29.4 dB. At maximum gain, the input P1dB is -11.57 dBm at 230 °C (-3.63 dBm at 25 °C). Input 

return loss is below 19 dB, and output return loss is below 12 dB across the entire gain control 

range from 25 °C to 230 °C. The variation with temperature (25 °C to 230 °C) is 1 dB for 

maximum gain, and 4.7 dB for gain control range. The total power dissipation is 176 mW for 

maximum gain at 230 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Design of a High Temperature GaN-Based Variable Gain Amplifier for Downhole 

Communications 

 

Mohammed Ehteshamuddin 

 

GENERAL AUDIENCE ABSTRACT 

 

The oil and gas industry uses downhole communication systems to collect important 

information concerning the reservoirs such as rock properties, temperature, and pressure, and 

relay it back to the surface. The electronics in these communication systems have to withstand 

temperatures exceeding 210 °C. Current high temperature electronics are not able to handle such 

temperatures for extended periods of time. Advancements in semiconductor technologies allow 

for fabrication of semiconductors that withstand high temperatures, such as GaN (Gallium 

Nitride). This thesis describes the design of a VGA (variable gain amplifier), which is an 

essential part of a downhole communication system. The VGA is designed using GaN 

semiconductor technology. Measured results show that the VGA shows good performance from 

25 °C to 230 °C without the use of any cooling techniques, and can thus be used to design next-

generation robust, high speed downhole communication systems. 
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Chapter 1 

1 Introduction 

 

High temperature electronics are generally used in environments where cooling is not 

practical. Cooling techniques may be avoided in applications that require high temperature 

operation along with decreased size, weight, and power dissipation, or increased reliability and 

efficiency. Industries such as aerospace, automotive, and oil and gas drilling have many such 

applications. For example, the automotive industry employs high temperature electronics for 

engine monitoring, on-wheel sensing, and exhaust monitoring. Similarly, the aerospace industry 

uses high temperature electronics and sensors near for engine control, landing gear, braking 

systems, etc. The oil and gas industry is the oldest user of high temperature electronics [1]. Oil 

drilling systems employ sensors to sense data concerning the geologic formations of the oil well, 

and relay the logged data to the surface using downhole communication systems. The ambient 

temperature of these wells is a function of the well depth. Today, the scarcity of oil resources and 

the need for real-time well logging has caused the oil and gas industry to drill deeper, 

necessitating faster and more robust communication systems. 

 

1.1 Motivation 

The continued efforts of the oil and gas industry to drill deeper to explore untapped wells 

have made the downhole environments harsher. The main challenge for downhole electronics is 

reliable high temperature operation, as the high pressure can be handled mechanically.  

Fig. 1.1 shows the oil industry’s well classification system based on temperature and 

pressure. The operation environment of the existing high temperature electronics is limited to the 

high pressure high temperature (HPHT) regions [2]. In fact, existing downhole electronics can 

operate only up to 177 °C before being brought back to the surface for cooling [2]. However, 

active/passive cooling and conventional heat extraction techniques are impractical to use in 

downhole environments due to weight, power consumption, and space constraints. As drilling 

operations go deeper, electronics capable of operating above 205 °C are required.  
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Fig. 1.1: Well classification system used in oil industry based on temperature and pressure [2]. 

In addition to the temperature limitation, current downhole systems can achieve data rates of 

only approximately 4 Mb/s at temperatures lower than 210 °C [3], which does 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. This creates a great opportunity for the use 

of an RF cable modem for downhole communications.  

An RF system can provide higher data rates compared to existing downhole systems, which 

operate at low frequencies. An essential component in the cable modem is the VGA. Downhole 

systems employ multiple data sensing tools at different drilling depths [3], and these tools can 

experience different signal attenuations due to variable depth. Thus, a VGA is required to ensure 

an acceptable signal level to analog-to-digital stage at different temperatures and variable cable 

length.  

 

1.1.1 Thesis Statement 

This thesis presents the design and testing of the first GaN-based IF VGA for an RF cable 

modem that operates up to an ambient temperature of 230 °C without the use of any active or 

passive cooling techniques. The VGA was designed as part of a downhole communication 

system operating in the frequency range of 230.5 – 253 MHz. The IF frequency after down-

conversion is 97.5 MHz. This band was selected based on system simulation results, as there is 

no restriction in operating frequency range in downhole environments. This is the first IF VGA 
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that exists in the literature at the time of this writing designed using GaN and capable of 

operating at high temperatures above 200°C. 

 

1.1.2 Technology  

The operating temperature capability of a semiconductor is decided by its bandgap energy. 

Typical silicon device technologies are rated to maximum junction temperatures of less than 125 

°C. Advancements in silicon and other common transistor technologies have allowed for 

extending the operating temperature limit, but these techniques are limited by the decomposition 

temperature of the semiconductor material itself. Wide bandgap power transistors, on the other 

hand, offer high junction temperatures and low total thermal resistances. Of the semiconductor 

technologies currently fabricated, Silicon Carbide (SiC) and Gallium Nitride (GaN) can reach the 

highest temperatures. SiC cannot be used for RF circuits due to low transition frequencies (fT) 

[4]. GaN offers both high temperature and high frequency capabilities and is the most promising 

technology for the target application [4] due to its low noise figures, high linearity, and high gain 

[5]. Although not a common commercial technology, the increased research efforts in GaN 

design and fabrication shows that it has a great potential for the future. Thus, GaN technology 

was selected for the proposed VGA. 

 

1.2 Thesis Organization 

This thesis is organized as follows: section 2 presents the background for this thesis, which 

provides a brief overview of concepts and definitions used in RF circuit design, followed by high 

temperature circuit design considerations. This sub-section covers high temperature effects in 

semiconductors, review of semiconductor technologies that have potential for high temperature 

applications, and thermal analysis equations for designing circuit and PCB. Finally, section 2 

describes some common VGA topologies and presents a literature review of existing high 

temperature VGA designs. 

Section 3 describes the proposed VGA design. This section includes active and passive 

device selection, followed by specifications of the VGA. Then, the proposed VGA schematic 

will be shown, and circuit design will be described in detail. This section ends with layout and 

prototyping of the VGA design. 
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In section 4, the measurement setup and measurement procedures are described for various 

performance tests. This is followed by measurement results and analysis of the results. 

Section 5 concludes the paper. Future work and potential improvements to the design will be 

discussed. 
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Chapter 2 

2 Background 

 

This chapter will cover the explanation of some basic RF circuit design concepts, high 

temperature circuit design considerations, review of high temperature semiconductor device 

technologies, and VGA circuit topologies. Finally, a literature review will be done to present 

existing high temperature VGA works. 

 

2.1 Definitions and Concepts 

2.1.1 S-Parameters 

RF networks are characterized using travelling waves. Measurements at RF and microwave 

frequencies usually involve the power of a travelling wave, because the measurement of voltages 

and currents at high frequencies is very difficult. This is also why gain of an RF circuit is 

generally characterized as power gain instead of voltage gain. The scattering parameters (s-

parameters) are a direct representation of these waves and give the incident, reflected, and 

transmitted wave powers, which are needed to characterize an RF/microwave network. Fig. 2.1 

shows a two-port network, with  𝑉1
+ and 𝑉2

+ being the incident waves, and 𝑉1
− and 𝑉2

− the 

reflected waves.  

 

Fig. 2.1: Two port network with incident and reflected waves [6]. 

 S11 is defined as the ratio of reflected to incident wave at the input port when incident 

wave at output port is zero. It can be expressed as- 
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𝑆11 =

𝑉1
−

𝑉1
+|

𝑉2
+=0

 (2.1) 

 
𝑜𝑟, 𝑆11(𝑑𝐵) = 20𝑙𝑜𝑔 (

𝑉1
−

𝑉1
+|

𝑉2
+=0

) (2.2) 

S11 is a measure of how accurately the input impedance looking in to the 2 port network 

is matched to the source impedance (Rs). A good match implies that the reflected wave is 

very small, and hence S11 magnitude is small. 

 S12 is defined as the ratio of reflected wave at the input port to the incident wave at the 

output port, when incident wave at input port is zero. It can be expressed as 

 
𝑆12 =

𝑉1
−

𝑉2
+|

𝑉1
+=0

 (2.3) 

 
𝑜𝑟, 𝑆12(𝑑𝐵) = 20𝑙𝑜𝑔 (

𝑉1
−

𝑉2
+|

𝑉1
+=0

) (2.4) 

 S12 is a measure of reverse isolation of the network, i.e., how much of output signal can 

couple to the input. 

 S21 is defined as the ratio of reflected wave at the output to the incident wave at the input, 

when the incident wave at the output is zero. It can be expressed as 

 
𝑆21 =

𝑉2
−

𝑉1
+|

𝑉2
+=0

 (2.5) 

 
𝑜𝑟, 𝑆21(𝑑𝐵) = 20𝑙𝑜𝑔 (

𝑉2
−

𝑉1
+|

𝑉2
+=0

) (2.6) 

S21 is a measure of the forward gain of the network. 

 S22 is defined as the ratio of the reflected wave to the incident wave at the output, when 

the incident wave at the input is zero. It can be expressed as 
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𝑆22 =

𝑉2
−

𝑉2
+|

𝑉1
+=0

 (2.7) 

 
𝑜𝑟, 𝑆22(𝑑𝐵) = 20𝑙𝑜𝑔 (

𝑉2
−

𝑉2
+|

𝑉1
+=0

) (2.8) 

S22 is a measure of how accurately the output impedance looking in to the 2 port network 

is matched to the load impedance (RL). A good match implies that the reflected wave is 

very small, and hence S22 is small. 

 

2.1.2 Noise Figure 

Noise added by the circuit is generally measured in terms of the noise figure (NF) of a 

circuit, which is defined as the ratio of the signal to noise ratio (SNR) at the input, to the SNR at 

the output of the circuit. This ratio should be 1 for a noiseless circuit. The quantity inside the 

logarithmic function in 2.9 is referred to as the noise factor. 

 
𝑁𝐹 = 10log(

𝑆𝑁𝑅𝑖𝑛
𝑆𝑁𝑅𝑜𝑢𝑡

) (2.9) 

For noise figure calculation purposes, the input and output signal to noise ratios of a system 

can be defined in terms of the noise voltages of its individual elements. Fig. 2.2. shows such a 

system in which a circuit of input impedance Zin, is provided an input signal by a source with 

resistance Rs. The signal to noise ratios at the input and output of the circuit can be calculated as- 

 

Fig. 2.2: Representation of noise in a circuit [6]. 
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𝑆𝑁𝑅𝑖𝑛 =

𝑉𝑖𝑛
2𝛼2

𝑉𝑛,𝑅𝑆
2̅̅ ̅̅ ̅̅

 (2.10) 

 
𝑆𝑁𝑅𝑜𝑢𝑡 =

𝑉𝑖𝑛
2𝛼2𝐴𝑣

2

𝑉𝑛,𝑅𝑆
2̅̅ ̅̅ ̅̅ 𝛼2𝐴𝑣2 + 𝑉𝑛2̅̅̅̅

 (2.11) 

Where α = Zin/( Zin + Rs) is the attenuation factor of the source voltage due to 

impedance mismatch, Vin is source voltage, 𝑉𝑛,𝑅𝑆
2̅̅ ̅̅ ̅̅ = 4𝑘𝑇𝑅𝑠 is the noise power of the source 

resistance in 1 Hz bandwidth, 𝑉𝑛2̅̅̅̅  is the noise power generated by the circuit in 1 Hz bandwidth, 

and Av is the voltage gain of the circuit. The noise figure can be written as 

 
𝑆𝑁𝑅𝑜𝑢𝑡 = 10 log (

𝑆𝑁𝑅𝑖𝑛
𝑆𝑁𝑅𝑜𝑢𝑡

) =
𝑉𝑛,𝑅𝑆
2̅̅ ̅̅ ̅̅ 𝛼2𝐴𝑣

2 + 𝑉𝑛2̅̅̅̅ 𝑉𝑖𝑛
2

𝛼2𝐴𝑣2
.

1

4𝑘𝑇𝑅𝑠
 (2.12) 

The total noise figure of a cascaded system with ‘n’ stages is given by Frii’s equation. 

 
𝑁𝐹𝑡𝑜𝑡 = 1 + (𝑁𝐹1 − 1) +

(𝑁𝐹2 − 1)

𝐴𝑝,1
+
(𝑁𝐹3 − 1)

𝐴𝑝,1𝐴𝑝,2
+

(𝑁𝐹𝑛 − 1)

𝐴𝑝,1𝐴𝑝,2…𝐴𝑝,𝑛−1
 (2.13) 

Where NFn and Ap,n are the noise figures and power gains of the nth stage respectively. From 

2.13 we can infer that the first stage in the cascade contributes the most to the overall noise 

figure. 

 

2.1.3 Linearity 

Ideally, a circuit’s output voltage follows its input voltage linearly. However, transistors are 

non-linear and the output voltage of a circuit such as an amplifier exhibits several higher order 

non-linearities, causing undesired effects such as gain compression, harmonic distortion, 

intermodulation, etc. The output of a memoryless system can be approximated as shown in 2.14. 

 𝑦(𝑡) = 𝛼0 + 𝛼1𝑥(𝑡) + 𝛼2𝑥
2(𝑡) + 𝛼3𝑥

3(𝑡) + ⋯ (2.14) 

The first term represents DC, while the second term represent the fundamental tone. The third 

and fourth terms represent the second and third harmonics, respectively.  

 

2.1.3.1 Compression 
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If a sinusoidal signal is provided as input to the system described by 2.14, we obtain the 

following output by ignoring the DC component 

 𝑦(𝑡) = 𝛼1𝐴𝑐𝑜𝑠(𝜔𝑡) +𝛼2𝐴
2𝑐𝑜𝑠2(𝜔𝑡) +𝛼3𝐴

3𝑐𝑜𝑠3(𝜔𝑡) (2.15) 

Upon solving, the fundamental component at frequency ω is obtained 

 
𝑦(𝑡) = (𝛼1𝐴 +

3𝛼3
4

𝐴3) 𝑐𝑜𝑠(𝜔𝑡) (2.16) 

For a large value of input signal amplitude A, gain compression occurs because α3 is negative for 

most RF circuits [7].  

The input 1dB compression point is a measure of the compression, and hence linearity, of an 

RF circuit. It is defined as the input power for which the small signal gain of a circuit is reduced 

by 1 dB. In Fig. 2.3, Ain,1dB represents the input 1 dB compression point. 

 

Fig. 2.3: Output power vs input power showing 1 dB compression of the gain [7]. 

The input 1 dB compression can be calculated by the following equation 

 
20𝑙𝑜𝑔 |𝛼1 +

3𝛼3
4

𝐴𝑖𝑛,1𝑑𝐵
2 | = 20𝑙𝑜𝑔|𝛼1| − 1 (2.17) 

 

𝐴𝑖𝑛,1𝑑𝐵 = √0.145 |
𝛼1
𝛼3
| (2.18) 

Thus, 1dB compression point of an RF circuit should be high enough so that the input signal is 

not distorted. The input power level of an RF circuit should be several dBs below the input 1dB 

compression level. 
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2.1.3.1 Intermodulation (IP2 and IP3) 

Intermodulation effects can be calculated using a two-tone input in 2.15. Due to the non-

linearity of the circuit, tones can be generated at frequencies that result from the mixing of the 

two inputs.  

 𝑦(𝑡) = 𝛼1(𝐴1𝑐𝑜𝑠(𝜔1𝑡) + 𝐴2𝑐𝑜𝑠(𝜔2𝑡)) + 𝛼2(𝐴1𝑐𝑜𝑠(𝜔1𝑡) + 𝐴2𝑐𝑜𝑠(𝜔2𝑡))
2

+𝛼3(𝐴1𝑐𝑜𝑠(𝜔1𝑡) + 𝐴2𝑐𝑜𝑠(𝜔2𝑡))
3 

(2.19) 

The resultant expression gives the amplitude of the frequency components at the fundamental 

(first order) frequencies 𝜔1 and 𝜔2, the second order intermodulation (IM2) frequencies 𝜔1 ±

𝜔2, and third order intermodulation (IM3) frequencies 2𝜔1 ± 𝜔2 and 2𝜔2 ± 𝜔1. If the 

frequencies of the input tones are close enough to each other, the IM2 and IM3 terms will fall 

close to the input frequencies. The amplitudes of intermodulation products obtained upon solving 

2.19 are 

 𝑰𝑴𝟐𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔:𝛼2𝐴1𝐴2 cos(𝜔1 + 𝜔2) 𝑡 + 𝛼2𝐴1𝐴2 cos(𝜔1 − 𝜔2) 𝑡 (2.20) 

 
𝑰𝑴𝟑𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔:

3𝛼3𝐴1
2𝐴2

4
cos(2𝜔1 + 𝜔2) 𝑡 +

3𝛼3𝐴1
2𝐴2

4
cos(2𝜔1 − 𝜔2) 𝑡 (2.21) 

 
𝑰𝑴𝟑𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔:

3𝛼3𝐴2
2𝐴1

4
cos(2𝜔2 + 𝜔1) 𝑡 +

3𝛼3𝐴2
2𝐴1

4
cos(2𝜔2 − 𝜔1) 𝑡 (2.22) 

From 2.20 – 2.22, it can be inferred that as the inputs A1 and A2 increase, the output power levels 

of IM2 and IM3 products increase at a higher rate (also shown in Fig. 2.4). For high enough 

input power levels, the output power levels of IM2 and IM3 meet the fundamental output power 

levels. These input power levels are termed as IIP2 and IIP3, respectively.  

In order to measure the IIP2 and IIP3 of a circuit, tones close to each other in frequency are 

sent as inputs to the circuit. The output spectrum shows the inputs at the fundamental 

frequencies, and the intermodulation products. An example output spectrum is shown in Fig. 2.5.  



11 

 

 

Fig. 2.4: IIP3 of an RF circuit [7]. 

 

Fig. 2.5: Output spectrum of a two-tone test [7]. 

IIP2 and IIP3 can be calculated using the following equations 

 
𝐼𝐼𝑃3|𝑑𝐵𝑚 = 𝑃𝑖𝑛|𝑑𝐵𝑚 +

∆𝑃2|𝑑𝐵
2

 (2.23) 

 𝐼𝐼𝑃2|𝑑𝐵𝑚 = 𝑃𝑖𝑛|𝑑𝐵𝑚 + ∆𝑃1|𝑑𝐵 (2.24) 

Pin is the power level of the input tones, and ΔP1 and ΔP2 are the differences in power levels 

between the IM2/IM3 tones and the output power level of fundamental tones. 

In a cascaded system, the end stages dominate the overall linearity of the system. This can be 

seen in 2.25. 

 1

𝐴𝐼𝐼𝑃3
2 =

1

𝐴𝐼𝐼𝑃3,1
2 +

𝛼1

𝐴𝐼𝐼𝑃3,2
2 +

𝛼1𝛼2

𝐴𝐼𝐼𝑃3,3
2 +⋯+

𝛼1𝛼2…𝛼𝑛−1

𝐴𝐼𝐼𝑃3,𝑛
2  (2.25) 

In the above equation, αn and AIIP3,n denote the gain and IIP3 of the nth stage, respectively. 
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2.1.4 Stability 

Stability is a critical consideration for any circuit or system. Instability may arise due to a 

negative impedance in a circuit or a part of the circuit. Negative impedances at the source or load 

of a circuit cause the source or load reflection coefficient (ΓS or ΓL) to be greater than or equal to 

1, causing undesired oscillations, deviation from expected performance, and even circuit failure. 

An RF circuit can be defined as unstable, conditionally stable, or unconditionally stable. The 

distinction between the latter two terms is made depending on if the circuit is stable for any 

possible source or load impedance (unconditional stability), or for a particular range of source 

and load impedances (conditionally stable). RF circuits are preferred to have unconditional 

stability across a wide frequency range. 

There are many measures of stability of a circuit (Rollet, Stern, Nyquist, etc.). The µ stability 

factor is another measure of circuit stability, and it only uses a single equation without the need 

of any auxiliary conditions. µ-factors can be calculated for the source (µ’) and load (µ) of a 

circuit, and the condition for unconditional stability is that either µ or µ’ > 1 [8].  

 
𝜇 =

1 − |𝑆11|
2

|𝑆22 − 𝑆11
∗ . Δ| + |𝑆21. 𝑆12|

 (2.26) 

 
𝜇′ =

1 − |𝑆22|
2

|𝑆11 − 𝑆22
∗ . 𝛥| + |𝑆21. 𝑆12|

 (2.27) 

where Δ = 𝑆11𝑆22 − 𝑆21𝑆12 

For µ or µ’ > 1, the circuit will not show Γ ≥ 1 at either the source or the load and is 

unconditionally stable. For any other value of µ, the circuit may be conditionally stable, and the 

load and source impedances for which Γ ≥ 1 can be seen from the load and source stability 

circles on the smith chart. 

 

2.1.5 Impedance matching 

Impedance matching is very important in RF circuits because it allows maximum transfer of 

power from source to the DUT, and from DUT to the load. In RF PCB design, it is almost always 

necessary, unlike in RF ICs. Many types of matching networks exist in both microstrip and 

lumped element forms. Most circuits require matching for maximum gain (maximum power 

transfer). Since S12 ≠ 0 for transistors, the reflection coefficients at input and output are affected 
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by each other. Simultaneous conjugate matching is employed to achieve both input and output 

matching (see Fig. 2.6).  

 

Fig. 2.6: Matching a transistor (characterized by S parameters) to source and load impedances Z0 [9]. 

To achieve simultaneous matching, reflection coefficients looking in to the input (Γin) and 

output (Γout) of the transistor are calculated, and the matching networks are designed to exhibit 

reflection coefficients that are conjugate value of Γin and Γout looking from the input and output 

of the transistor, respectively.  

 
𝛤𝑠 = 𝛤𝑖𝑛

∗ = (𝑆11 +
𝑆12𝑆21𝛤𝐿
1 − 𝑆22𝛤𝐿

)
∗

 (2.28) 

 
𝛤𝐿 = 𝛤𝑜𝑢𝑡

∗ = (𝑆22 +
𝑆12𝑆21𝛤𝑠
1 − 𝑆11𝛤𝑠

)
∗

 (2.29) 

Upon solving 2.28 and 2.29, the required values of ΓS and ΓL can be found. These values can be 

implemented using either microstrip lines, or lumped elements. This is determined by the 

matching network bandwidth and quality factor (Q) required by the application. Microstrip lines 

can achieve a moderate Q matching network at low frequencies, and also consume space. 

Lumped elements networks (L, π, T, etc.) provide more flexibility in low or high Q selection, 

and allow for a compact matching network, but are prone to variations with temperature. A 

specific Q factor set by design requirements can be achieved using a 3 element π or T matching 

network. 

 

2.2 High Temperature Design Considerations 

Passive and active devices employed in circuits suffer from several high temperature effects 

which have to be considered during circuit design. This section will describe some of the high 

temperature effects in semiconductors, followed by a review of the semiconductor technology 
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for high temperature operation. Finally, some thermal equations will be shown which will help in 

the circuit and PCB board design. 

 

2.2.1 High Temperature Effects in Semiconductors 

Almost all semiconductor device characteristics are effected by temperature. In this section, 

the effects of temperature on some critical parameters of a semiconductor device such as 

bandgap energy, carrier mobility, carrier density, threshold voltage, subthreshold leakage 

current, and drain current will be discussed briefly.  

 

2.2.1.1 Bandgap Energy 

As temperature increases, the energy bandgap of a semiconductor decreases. The dependence 

of bandgap energy on temperature is given by 2.30 [10]  

 
𝐸𝑔(𝑇) = 𝐸𝑔(0) −

𝛼𝐸𝑇
2

𝑇 + 𝛽𝐸
 (2.30) 

where 𝐸𝑔(0) (in Kelvin) is the bandgap energy at absolute zero, and 𝛼𝐸 and 𝛽𝐸 are material-

specific constants.  

 

2.2.1.2 Carrier Density 

The carrier density depends on the region of operation of the semiconductor. As temperature 

increases, the semiconductor moves from an extrinsic operation region, where carrier density is 

constant with temperature, to an intrinsic operation region, where carrier density increases with 

temperature. At high temperatures, the intrinsic carriers dominate. The dependence of the 

intrinsic carrier concentration is given by [10] 

 
𝑛𝑖 ∝ 𝑇1.5e

−Eg(0)

2𝑘𝑇  (2.31) 

where ni denotes the intrinsic carrier concentration. As temperature increases, the intrinsic 

carrier concentration also increases. 

 

2.2.1.3 Carrier Mobility 

Mobility depends on both temperature and electric field. Effective carrier mobility depends 

on four scattering parameters within a semiconductor, namely, phonon scattering (𝜇𝑝ℎ), surface 
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roughness scattering (𝜇𝑠𝑟), bulk charge coulombic scattering (𝜇𝑐𝑏), and interface charge 

coulombic scattering (𝜇𝑖𝑛𝑡). Using Matthiessen’s rule, effective mobility can be approximated as 

 1

𝜇𝑒𝑓𝑓(𝑇, 𝐸𝑒𝑓𝑓)
=

1

𝜇𝑝ℎ(𝑇, 𝐸𝑒𝑓𝑓)
+

1

𝜇𝑠𝑟(𝑇, 𝐸𝑒𝑓𝑓)
+

1

𝜇𝑐𝑏(𝑇, 𝐸𝑒𝑓𝑓)
+

1

𝜇𝑖𝑛𝑡(𝑇, 𝐸𝑒𝑓𝑓)
 (2.32) 

At high temperatures, phonon scattering dominates due to an increase in lattice vibrations. 

Thus, mobility decreases at high temperatures because phonon scattering decreases (𝜇𝑝ℎ ∝

𝑇−3/2) [10].  

 

2.2.1.4 Threshold Voltage 

Threshold voltage decreases with an increase in temperature. The threshold voltage equation 

is  

 
𝑉𝑇𝐻 = (𝜙𝑔𝑠 −

𝑄𝑆𝑆

𝐶𝑜𝑥
) + 2𝜙𝐹 + (𝐶𝑜𝑥√2𝑞𝜀𝑟𝑁𝐴)√2𝜙𝐹 (2.33) 

where 𝜙𝑔𝑠 =
𝑘𝑇

𝑞
ln (

𝑁𝐴𝑁𝐺

𝑛𝑖
2 ) is the gate-substrate contact potential, 𝑄𝑆𝑆 is the surface charge 

potential, 𝐶𝑜𝑥 is the oxide capacitance, and 𝑁𝐴 and 𝑁𝐺  are the substrate and gate doping 

concentrations, respectively, 𝜙𝐹 is the fermi energy level, 𝛾 is the body effect parameter, and 𝜀𝑟 

is the relative permittivity of the semiconductor. 

The derivative with respect to temperature of the threshold voltage equation gives 

 𝜕𝑉𝑇𝐻
𝜕𝑇

= (
𝜕𝜙𝑔𝑠

𝜕𝑇
) + 2

𝜕𝜙𝐹

𝜕𝑇
+
(𝐶𝑜𝑥√2𝑞𝜀𝑟𝑁𝐴)

√2𝜙𝐹

𝜕𝜙𝐹

𝜕𝑇
 (2.34) 

The dependence of 𝜙𝑔𝑠 and 𝜙𝐹  on temperature is given by 

 𝜕𝜙𝑔𝑠

𝜕𝑇
=
1

𝑇
[𝜙𝑔𝑠 + (

𝐸𝐺0
𝑞

+
3𝑘𝑇

𝑞
)] (2.35) 

 𝜕𝜙𝐹

𝜕𝑇
=
1

𝑇
[𝜙𝐹 −

1

2
(
𝐸𝐺0
𝑞

+
3𝑘𝑇

𝑞
)] (2.36) 

Filanovsky and Allam [11] show by substituting empirical values in the above equations that the 

threshold voltage decreases with temperature.  
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2.2.1.5 Subthreshold Leakage 

Subthreshold current increases with temperature. It has an exponential relationship with 

temperature, as seen in 2.37 – 2.38 [10] 

 
𝐼𝑠𝑢𝑏 = 𝐼0 (𝑒

𝑞𝑉𝐷𝑆
𝑘𝑇 − 1) (2.37) 

 
and, 𝐼0 = 𝐴𝑇𝑒−

𝑞𝐸𝐺(0)

2𝑘𝑇  (2.38) 

where A is a material dependent constant. 

 

2.2.1.6 Electromigration 

Electromigration is a failure mechanism caused by a positive feedback phenomenon in areas 

of high current density. As established earlier, current density increases with temperature, 

making the circuit prone to electromigration where atoms are moving on a wire narrow their 

width, further increasing current density. This phenomenon usually continues until the wire 

breaks and current flow is halted [10]. Electromigration is a serious cause of concern at high 

temperatures, and thus current values should be minimized in high temperature design.  

 

2.2.1.7 Drain Current 

The variation of drain current with temperature depends on a couple of factors. It is mainly 

decided by the current density, mobility, and threshold voltage. As temperature increases, the 

combination of increase in current density and decrease of threshold voltage will cause the drain 

current to increase [10]. However, the decrease in carrier mobility with increasing temperature 

will influence the drain current to decrease with temperature. Thus, the variation in drain current 

is determined by the more dominant change of the above two factors. 

 

Moreover, gate resistance, drain resistance, and source resistance increase with temperature 

[12], causing an increase in the circuit added noise. These effects should be taken into account in 

designing circuits for high temperature operation. Furthermore, design failures are also possible 

at high temperatures due to electromigration and thermal runaway, which are most likely to 

occur at high current densities. Selecting a suitable transistor technology and designing for low 

power are critical to mitigate the above high temperature effects. 
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2.2.2 Review of Semiconductor Technologies for High Temperature Operation 

This section provides a review of semiconductor technologies used at high temperatures 

either commercially, or in literature. 

  

2.2.2.1 Silicon and Silicon-on-Insulator (SOI) 

Due to their high integrability, cost effectiveness, and a mature fabrication process, Silicon 

and SOI processes have been developed for high temperature applications. A few high 

temperature designs using CMOS processes have been reported. Davis and Finvers [13] report a 

ΣΔ modulator capable of operation with 14-bit resolution at 225 °C and 13-bit resolution at 255 

°C using a standard 1.5 µm CMOS process. de Jong et al. [14] report a 300°C dynamic feedback 

instrumentation amplifier using a junction isolated CMOS process. While have shown 

operability at high temperatures, CMOS based designs have not been made commercially 

available and are mostly limited to the 85 °C maximum temperature limit. The main drawback of 

Si based technologies is that PN junctions do not provide good isolation and cause a large 

leakage current at high temperatures [15]. Therefore, most high temperature silicon based 

circuits are almost exclusively done using SOI process, where transistors are surrounded by 

silicon dioxide. Unlike the PN junction, isolation properties of silicon dioxide do not degrade a 

lot with temperature and hence leakage currents are lower. Companies such as Honeywell have 

developed an SOI process for high temperature applications (> 200 °C), addressing the need for 

analog and low frequency electronics in downhole drilling applications [15]. A number of high 

temperature analog designs have been reported using SOI processes. However, high temperature 

RF circuits have not been reported using SOI processes. Due to drawbacks such as decrease of 

channel mobility, increase in junction leakage current, decrease in saturation current, and lateral 

bipolar effects due to hot carrier effects [15], SOI technologies have not found a synergy with RF 

electronics. 

 

2.2.2.2 Silicon Germanium (SiGe) 

SiGe devices have wide temperature ranges, and are better suited for high speed RF 

applications than SOI devices because of better high frequency performance, but still not as good 

as GaAs or GaN. SiGe Heterojunction Bipolar Transistors (HBTs) are widely used at cryogenic 

temperatures because of superior performance. However, efforts have been made to optimize this 
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technology to work at high temperatures and applications operating at temperatures as high as 

300 °C have been reported [16]. Chen et al. [17] report the DC and AC characteristics of SiGe 

HBTs at high temperature. As far as the DC characteristics are concerned, the turn on voltage 

decreases as expected, and the device maintains a good current gain and high current drive 

capability at high temperature. However, a cause of concern is minority carrier generation in the 

collector-substrate junction causing parasitic leakage. In terms of AC characteristics, SiGe HBTs 

seem to provide acceptable transition frequencies, low frequency noise performance, current 

gain, and breakdown voltage [17]. However, high frequency noise, leakage current, and latch up 

issues keep SiGe HBTs from being widely used for high temperature RF applications. Quite 

often SiGe is used in a BiCMOS implementation (SiGe HBT + Si CMOS) because it offers high 

integrability with CMOS systems. 

 

2.2.2.3 Gallium Arsenide (GaAs) 

Due to higher bandgap of GaAs (1.4 eV) as compared to Silicon (1.1 eV), the theoretical 

operating temperature capability of GaAs is almost twice that of Silicon [18]. GaAs has been 

widely employed in modern communication and military technologies due to superior high 

frequency performance. GaAs is very popular for RF power and low noise circuits operating at 

RF and mm-wave frequencies [18]. GaAs devices are usually implemented in MESFET, HEMT, 

and JFET configurations. For high temperature applications, GaAs transistors are fabricated with 

a wide bandgap AlGaAs layer on top of an InGaAs layer below the gate of the transistors. These 

layers act as blocking barriers and reduce gate leakage current at high temperatures. This offers a 

significant advantage in terms of leakage current, which was a major drawback in SOI and SiGe 

technologies. Reference [18] also shows an X-band mixer that operates up to 300 °C and 

degrades <10dB over the entire temperature range using maximum conversion gain biasing 

control. While GaAs seems a very good choice for high temperature RF circuits, GaN is more 

promising with its higher gain, lower noise, and higher power density characteristics at high 

temperatures. 

 

2.2.2.4 Silicon Carbide (SiC) 

SiC is mainly used in power electronics due to its wide bandgap and high thermal 

conductivity. Due to the wide bandgap, SiC devices can potentially operate up to 600 °C. SiC 
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BJTs have demonstrated high current gains (> 50-100) and high breakdown voltages (1.2-10 kV) 

at 300 °C [19], and these characteristics have made them the technology of choice in power 

electronics applications. SiC exists in different structural configurations, namely, 4H-SiC, and 

6H-SiC. Their properties are only slightly different. 6H-SiC is sometimes favored over 4H-SiC 

due to its superior polytype structural stability during thermal processing steps [19]. Several 

works utilizing SiC transistors for high temperature power electronics and analog electronics 

have been reported [20], [21]. However, due to low transition frequency, SiC device technology 

lends itself only for low frequency applications. Hence, it is not suitable for RF applications 

despite good high temperature performance. 

 

2.2.2.5 Gallium Nitride (GaN) 

GaN is the most promising technology in terms of both high temperature and RF 

performance. GaN shows many favorable characteristics such as wide bandgap, high breakdown 

voltage, high electron mobility, and high carrier saturation velocity across a wide temperature 

range, making it ideal for high frequency and high power applications [19]. Although not a 

commonly available commercial technology, GaN is experiencing increase in manufacturing and 

maturity in fabrication process. A lot of research is being conducted in terms of both fabrication 

and characterization to develop GaN devices for high temperature applications [12], [22]-[25].  

High temperature RF circuits including power amplifiers, low noise amplifiers (LNA), and 

mixers designed using GaN technology have been reported, all showing very good performance 

at high temperatures. Carruba et al. [26] report a continuous class-E sub-waveform power 

amplifier that achieves up to 71% efficiency at 150 °C. Silva et al. [27] report a power amplifier 

for C-band applications with a high gain of 24.6 dB and output 1 dB compression of 36 dBm at 

an operating temperature of 205 °C. Cunningham et al. report [28] a wideband LNA capable of 

operating up to 230 °C with a sub 3 dB noise figure and high linearity. Salem and Ha [29] report 

a down-conversion mixer achieving high conversion gain and good linearity at 250 °C. 

 

2.2.3 Thermal Analysis 

At high temperatures, it is very important to consider the thermal dissipation of the circuit to 

avoid exceeding the junction temperature limits of the transistors and the passive components. In 

downhole applications, the use of active or passive cooling techniques is not feasible due to size 
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and power constraints. Thus, a thermal analysis of the PCB board is necessary to determine the 

safe power dissipation limit of the design, in order to avoid exceeding the junction temperature 

ratings of the transistor. The power dissipation limit can be found from the thermal equation 

 
𝑃𝐷 =

𝑇𝐽 − 𝑇𝐴
𝜃𝐽𝐴

=
𝑇𝐽 − 𝑇𝐴
𝜃𝐽𝐶 + 𝜃𝐶𝐴

 (2.39) 

The maximum power dissipation (PD) that can be handled without the use of a heatsink is 

calculated from 2.39 by setting the ambient temperature (TA), and the maximum safe junction 

temperature of the transistor (TJ). The parameter 𝜃𝐽𝐴 represents the junction to ambient thermal 

resistance of the system. This quantity can be broken up into two thermal resistances, namely, 

junction to case thermal resistance of transistor (𝜃𝐽𝐶) and case to ambient thermal resistance 

(𝜃𝐶𝐴). As shown in Fig. 2.6, the case to ambient thermal resistance can be further represented as 

a sum of different thermal resistances (𝜃𝐶𝑆 + 𝜃𝑆 + 𝜃𝑆𝐴) based on the layout of the transistor on 

the PCB. 

 

Fig. 2.7: Thermal resistances in a transistor case from the transistor junction to ambient.  

2.3 VGA Topologies 

Some common VGA topologies are discussed in this section. They will serve as a premise 

for selecting the topology for the proposed VGA, and will also provide small signal analysis that 

can be used in the proposed design. VGA topologies consisting of a large number of transistors 

such as Gilbert and Folded Gilbert cells are not discussed here. VGA design using discrete 
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components does not allow usage of complex topologies with a large number of transistors due 

to size, layout mismatch, and lack of control over the widths and lengths of transistors. 

 

2.3.1 Variable Bias 

 

Fig. 2.8: Variable bias topology [30]. 

This is the simplest VGA topology, where input is provided to MOSFET M1, and the gain is 

controlled by varying the gate voltage of M1, which changes the drain current. Changing the 

current changes the transconductance (𝑔𝑚), which effects the gain of the transistor as shown 

below 

 
𝐺𝑎𝑖𝑛 = −𝑔𝑚𝑅𝐿 = −𝜇𝑛𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝐶 − 𝑉𝑡ℎ)𝑅𝐿 (2.40) 

 Where 𝜇𝑛 denotes electron mobility, 𝐶𝑜𝑥 is oxide capacitance, 𝑉𝑡ℎ is the threshold voltage, 

and W, L are transistor dimensions. The drawback of this topology is that the linearity of the 

amplifier strongly depends on its bias current. The advantages are compact design, low power, 

and low noise figure. 

 

2.3.2 Variable Feedback  

 

Fig. 2.9: Variable feedback topology [30]. 
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The variable feedback topology is self-explanatory in that the gain is controlled by varying 

the feedback resistance. The feedback resistor can also be implemented using a MOSFET. The 

advantages of this topology are that it has a high potential for IP3, and requires low DC bias 

because of a single transistor. However, this topology can have stability problems, a low 

bandwidth, and a narrow gain control range [30]. Moreover, it may not be suitable for 

applications requiring high gain due to a single transistor and also due to the presence of 

feedback. 

 

Fig. 2.10: Small signal model of variable feedback topology. 

The gain of this topology can be calculated from the small signal model in Fig. 2.9.  

 (𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

𝑅𝐹
= 𝑔𝑚𝑉𝑔𝑠 +

𝑉𝑜𝑢𝑡
𝑅𝐿

 (2.41) 

 𝑉𝑖𝑛 = 𝑉𝑔𝑠(1 + 𝑔𝑚𝑅𝑆) (2.42) 

Using 2.42 in 2.41 and solving for gain gives 

 
𝑉𝑖𝑛 (

1

𝑅𝐹
−

𝑔𝑚
1 + 𝑔𝑚𝑅𝑆

) = 𝑉𝑜𝑢𝑡 (
1

𝑅𝐹
+

1

𝑅𝐿
) (2.43) 

 𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

=
(𝑅𝐿 + 𝑔𝑚𝑅𝐿(𝑅𝑆 − 𝑅𝐹))

(1 + 𝑔𝑚𝑅𝑆)(𝑅𝐹 + 𝑅𝐿)
 (2.44) 

 

2.3.3 Cascode  

This configuration consists of a common source (CS) transistor (M1) with a common gate 

(CG) cascode load (M2).   
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Fig. 2.11: Common source cascode topology [30]. 

The input is provided to the CS amplifier. The gain of the circuit is controlled by 

reducing/increasing the drain current by varying the gate-source voltage of M2. Thus, Vc can be 

thought of as the control voltage of the circuit. M1 operates in the triode region, and thus, 

increasing or decreasing VC changes the gain of the circuit since gm of triode transistor changes.  

The gain can be derived from the small signal model in Fig. 2.11 by looking at the effective 

impedance at the output. Ignoring the parasitic drain source capacitors (cds), the effective output 

impedance is a parallel combination of the impedance looking up (𝑅𝐿) and looking down 

(𝑔𝑚2𝑟𝑜1𝑟𝑜2) from the output.  

 𝐺𝑎𝑖𝑛 = −𝑔𝑚1[𝑅𝐿||(𝑔𝑚2𝑟𝑜1𝑟𝑜2)] (2.45) 

The presence of only one current path also helps to reduce the overall power consumption.  

 

2.3.4 Current Steering  

 

Fig. 2.12: Current steering topology [30]. 
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This topology is similar to the cascode topology discussed earlier. It uses cascode transistors 

to steer current to and from the load. This allows for a high gain control range due to the addition 

of M3. The small signal input is provided to M1, while Vc controls the current through the 

branch. 

Another advantage is a potentially lower noise figure compared to the cascode topology, 

especially in low gain state. In the cascode topology, the current in M1 is very low in low gain 

conditions, which means the gm of M1 is low, resulting in a higher noise figure [30] . In the 

current steering topology, M3 ensures that in low gain state, the current through M1 is not very 

low and noise figure is better than cascode topology 

 

2.4 Literature Review 

Recently, there have been very few VGA designs [31], [32] capable of operating at high 

temperatures. Kumar et al. [31] report a temperature compensated VGA that operates up to 85 

°C. The VGA consists of a fully differential three stage cascaded amplifier with DC offset 

cancellation. The VGA core consists of a common emitter amplifier, whose gain is controlled by 

its bias current. A 6-bit control word decides the bias current of the amplifier which makes this 

design a digitally controlled VGA. A maximum 2 dB variation in gain was reported from 25 °C 

to 85 °C. The linearity and noise performances are listed in table 2.1 below. Liu et al. [32] report 

an AGC circuit operating up to 200 °C. The AGC circuit includes a folded Gilbert VGA, DC 

offset cancelling block, and a post-amplifier, all of which contribute to the AGC gain of 22.5 to -

12.5 dB, and dynamic range of 35 dB at 200 °C.  The temperature compensation block generates 

an appropriate bias voltage according to the incoming signal and the ambient temperature. The 

temperature compensation range is -20 °C to 200 °C. Both of the aforementioned designs are 

implemented in SiGe BiCMOS technology which suffers from high leakage current as 

temperature increases, potentially causing latch-up. Furthermore, multiple amplifier stages are 

required to achieve the reported gains and gain control ranges. Table 2.1 provides a comparison 

of the above works with the performance of the proposed VGA. 
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TABLE 2.1: PERFORMANCE COMPARISON OF HIGH TEMPERATURE VGAS 

Parameter This work  [31] [32] 

Temperature (°C) 25 to 230 25 to 85 -20 to 200 

Technology 
0.25 µm GaN on 

SiC HEMT 

0.18 µm SiGe 

BiCMOS 

0.13 µm SiGe 

BiCMOS 

Frequency (MHz) 97.5 2 – 1900 0.2 – 7500 

Gain (dB) 28 to -6.23 7.8 to -10.6 30 to -10 

Gain Control range (dB) 34.23 18.4 ~ 40 

Input P1dB (dBm) -3.63 to -15 -11 to -12.5 - 

Noise Figure (dB) 7.63 – 18.9 21.4 to 27.1 - 

Power (mW) 16 – 176 12.2 72 
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Chapter 3 

3 Proposed VGA Design 

In this chapter, the specifications of the VGA circuit will be discussed, and circuit component 

selection will be shown. Then, circuit design including core circuit, bias circuit, stability circuit, 

and matching network will be elaborated. Simulation and modelling results will be shown. 

 

3.1 Device Selection 

A critical step in the design of the high temperature VGA is choosing the technology that can 

withstand high temperature and provide reliable performance up to 230 °C. However, the choices 

available for commercial off-the-shelf (COTS) active and passive devices that can operate at 

high temperature are very limited. This section will describe the components chosen for use in 

the design. 

 

3.1.1 Active Device Selection 

 Based on the review of high temperature capabilities of semiconductor technologies in 

chapter 2, it is clear that GaN offers superior performance in both high temperature and high 

frequency domains, and is the most promising technology for the target application. For this 

design, Qorvo (formerly TriQuint) T2G6000528-Q3 GaN on SiC HEMT is used (see Fig. 3.1). 

The transistor has a maximum junction temperature TJ of 275 °C, and a junction to case thermal 

resistance θJC of 12.4 °C/W. At the time of this work, this was the only commercial off-the-shelf 

(COTS) transistor available with such a high operation temperature capability. The main 

application for this device is high power amplifiers, and device characterization at VDS = 28 V, ID 

= 50 mA/125 mA at 25 °C and 85 °C is provided in the datasheet [34]. For the downhole 

communication application, the transistor will have to be biased at a lower drain current to 

decrease power consumption. Thus, both DC and small signal characterization will have to be 

done at a lower power consumption bias point. 
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Fig. 3.1: Selected transistor for the proposed VGA [34]. 

TABLE 3.1: ABSOLUTE MAXIMUM RATINGS OF QORVO T2G6000528-Q3 HEMT [34] 

Parameter Value 

Breakdown Voltage (BVDG) 100V (Min.) 

Drain Gate Voltage (VDG) 40V 

Gate Voltage Range (VG) -10 to 0V 

Drain Current (ID) 2.5A 

Gate Current (IG) -2.5 to 7mA 

Power Dissipation (PD) 15W 

RF Input Power, CW, T = 25°C (PIN) 34dBm 

Channel Temperature (TCH) 275°C 

Mounting Temperature (30 seconds) 320°C 

Storage Temperature -40 to 150°C 

 

3.1.2 Passive Device and Interface Materials Selection 

Capacitors from Presidio and IPDiA are used. Both capacitors are rated up to 250 °C. 

Presidio high temperature capacitors are made up of NP0 (negative-positive 0 ppm/°C) dielectric 

material, which shows little variation in capacitance over temperature, even up to 300 °C (Fig. 

3.2). Their DC breakdown voltage rating is above 10 V, which is sufficient for this low power 

design. The datasheet also mentions that the dielectric withstanding voltage is almost 250 % of 

the rated DC breakdown voltage, which shows that the capacitors are very robust [35]. 
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Fig. 3.2: Typical change in capacitance versus temperature for different dielectrics [34]. 

IPDiA capacitors were used for DC blocking in the bias network of the VGA. They are made 

using a passive integrated connecting substrate (PICS) technology, and the dielectric shows 

almost no variation in capacitance versus temperature [36]. The maximum temperature rating is 

250 °C, with a temperature coefficient of < ±1.5% from -55 °C to 250 °C [36]. The breakdown 

voltage is 11 V and the tolerance of nominal capacitance value is 15% [36], which should not 

matter for DC blocking purposes. 

Coilcraft iron core inductors are used as RF chokes in bias network. A 1 µH inductance value 

was used. According to the datasheet, the maximum operating temperature is 300 °C [37]. Fig. 

3.3 shows the impedance plot versus frequency, which suggests that the self-resonant frequency 

of this inductor is around 350 MHz. This is well above the operating frequency of the proposed 

VGA.  

 

Fig. 3.3: Impedance versus frequency of Coilcraft 1 µH inductor [34]. 
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Vishay thin film resistors, which can operate up to 250 °C [38] are used in the design. The 

resistors offer reasonably low tolerances of ± (0.1 – 5) %, while offering a low noise coefficient. 

From the power limit derating curve provided in the datasheet (shown in Fig. 3.4), it can be seen 

that at our maximum operating temperature of 230 °C, the power limit is derated to 20 % of 

maximum power. 

 

Fig. 3.4: Derating curve for Vishay thin film resistor [34]. 

The PCB board used for the design is Rogers 3010. The glass transition temperature of the 

board material is greater than 280 °C [39], which is sufficiently high to ensure structural integrity 

at our operating temperature. The variation of εr with temperature is less than 1%, which 

suggests stable microstrip characteristic impedances across temperature. Rogers offers other 

board materials which have better thermal properties than the selected (RO 3010) board. For 

example, the coefficient of thermal conductivity of 3010 material is 0.95 W/m/K which is higher 

than some of the other board materials provided by Rogers [39]. Moreover, a higher thermal 

coefficient of the relative dielectric constant (εr) compared to other boards suggests that the RO 

3010 material will experience more variation in εr with temperature [39]. Despite these 

shortcomings, the RO 3010 board was chosen because of its high εr (11.2) [39]. This is to ensure 

compact microstrip lines at 97.5 MHz. 

Indalloy 151 (92.5%Pb, 5%Sn, and 2.5%Ag) is used as the soldering material in the design. 

The melting point of this solder paste is 296 °C [40], which ensures reliable connections at the 

maximum operating temperature of the VGA. 
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3.2 Specifications 

 The specifications of the VGA were decided based on the downhole communication system 

it was designed for. The VGA is designed to operate at an IF frequency of 97.5 MHz. This 

frequency is obtained after downconverting the received RF signal centered at 243 MHz, using a 

local oscillator frequency of 340.5 MHz. The RF band of the downhole system is shown in Fig. 

3.5.  

 

Fig. 3.5: Frequency allocation of RF bands in downhole communication system. 

The 10 different channels in the RF bands represent the communication bands for each tool 

in the downhole system. These bands are 2 MHz wide, and separated from each other by 0.5 

MHz. Each tool has an RF front end, and the proposed VGA is employed at the end of the RF 

chain. The entire front end comprises of an LNA, RF bandpass filter, mixer, VCO, IF filter, and 

the VGA. The specifications of the communication system determine the specifications of the 

individual components, which in turn, depend on each other. The block diagram of the downhole 

communication system RF modem is shown in Fig. 3.6. 

 It can be seen that the incoming signal power from the coaxial cable to the LNA varies due 

to the tools being placed at different lengths on the wireline cable. Attenuations in the ranges of 

10 to 40 dB can be experienced. The receiver gain is about 10 dB, making the gain control 

requirement for the VGA to be 0 to 30 dB.  
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Fig. 3.6: Block diagram of RF front end of individual tools in downhole communication system. 

Thus, the VGA is required to have a high gain control range so that a constant output power 

is provided to the analog-to-digital stage. Moreover, linearity of the VGA should be high enough 

to avoid distorting the high power signals in tools close to the surface. The VGA should also be 

sensitive enough to provide good amplification for low power signals in tools further down the 

coaxial cable. The specifications of the VGA are shown in table 3.2.  

TABLE 3.2: DESIGN SPECIFICATIONS FOR THE VGA 

Parameter Specification 

Frequency 97.5 MHz 

Operating temperature 25 – 230 °C 

Gain 30 – 0 dB 

Gain control range 30 dB 

Input return loss ≥ 10 dB 

Output return loss ≥ 10 dB 

Input P1dB ≥ -5 dBm 

 

3.2.1 Calculation of Power Dissipation Limit 

As mentioned in chapter 2, in order to calculate the power dissipation limit of the circuit, a 

thermal analysis of the PCB board needs to be performed. Simple calculations involving the 
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thermal resistances from the transistor junction to the ambient environment can give a good 

estimate of the maximum power dissipation limit of the design. As mentioned earlier, the 

transistor has a 𝜃𝐽𝐶 = 12.4 °C/W and 𝑇𝐽 = 275 °C. Fig. 3.7 shows the dimensions of the 

transistor as shown in the datasheet [34]. 

 

(a) 

 

 

 

(b) 

 

(c) 

Fig. 3.7: (a) Top view, (b) side view, and (c) frontal view dimensions of Qorvo T2G6000528-Q3 [34]. 

Fig. 3.8 (a) shows the layout pad for a transistor with source connected to ground through 

vias (screws). Fig. 3.8 (b) shows the layout pad for a transistor whose source is not connected to 
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ground. These layouts will help in determining the heat flow paths from the transistor case to 

ambient on each of these pad configurations. 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

Fig. 3.8: Layout pads for transistors with source (a) connected to ground (b) not connected to ground. 

In Fig. 3.8 (a), V3 and V4 represent vias, which will be implemented as screws. The 

transistor will be soldered on the copper pad between the screws. The layout in Fig. 3.8 (b) 

represents a copper pad on which the transistor will be soldered. From these layouts, we can see 

that the layout in configuration (a) has more pad area and more thermally conductive 

components on the pad (screws). The heat flow pattern for this layout is: 

 

The heat flow for layout in configuration (b) is shown below. This layout will be the 

dominating factor in deciding the power dissipation limit due to a lack of thermally conductive 

components, as seen below: 
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 From this heat flow pattern, and using the thermal resistance and conductivity parameters of 

the components [34], [40]–[39] the thermal resistance representation shown in Fig. 3.9 can be 

obtained. 

 

Fig. 3.9: Thermal resistance representation of the heat flow pattern for layout configuration in Fig. 3.4 (b) 

The thermal resistances can be calculated from the pad and component dimensions from Fig. 3.7 

and Fig. 3.8.  

 Transistor plate soldered on the copper pad has dimensions 3.683mm x 4.699mm. 

 Transistor case has 5 sides exposed to air (with the bottom side soldered on Cu pad), and 

the dimensions of the exposed sides are 4.597mm x 2.413mm, 3.835mm x 4.597mm, and 

3.835mm x 2.413mm 

 Thickness of copper on Rogers 3010 board is 35 µm and the thickness of the board 

dielectric is 1270 µm [39]. 

 Thickness of solder paste on copper pad is approximated to be 50 µm. 

 

𝜃𝑠𝑜𝑙𝑑𝑒𝑟 = (
1

25
𝑊

𝑚 ∙ °𝐶

) (
50𝜇𝑚

3.683𝑚𝑚x4.699𝑚𝑚
) = 0.116°𝐶/𝑊 (3.1) 

 

𝜃𝐶𝑢 = (
1

390
𝑊

𝑚 ∙ °𝐶

) (
4.699𝑚𝑚

3.683m𝑚x35𝜇𝑚
) = 93.47°𝐶/𝑊 (3.2) 
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𝜃𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = (
1

0.95
𝑊

𝑚 ∙ °𝐶

) (
1.270𝑚𝑚

3.683m𝑚x4.699𝑚𝑚
) = 103.36°𝐶/𝑊 (3.3) 

Total surface area of the case exposed to air is  

 𝑎𝑟𝑒𝑎𝑐𝑎𝑠𝑒 = 2[(4.597)(2.413) + (3.835)(2.413)] + (4.597)(3.835)

= 58.32𝑚𝑚2 
(3.4) 

 

𝜃𝐶,𝑎𝑖𝑟 = (
1

25
𝑊

𝑚2 ∙ °𝐶

)(
1

58.32𝑚𝑚2
) = 686°𝐶/𝑊 (3.5) 

The total thermal resistance from junction to ambient is then, 

 𝜃𝐽𝐴 = 𝜃𝐽𝐶 + (𝜃𝐶,𝑎𝑖𝑟‖(𝜃𝑠𝑜𝑙𝑑𝑒𝑟 + 𝜃𝐶𝑢 + 𝜃𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)) 

= 12.4 + (686‖(0.116 + 93.47 +103.36)) 

=165.5 °𝐶/𝑊 

(3.6) 

The power dissipation limit can be calculated as 

 
𝑃𝐷 =

𝑇𝐽 − 𝑇𝐴
𝜃𝐽𝐴

=
275 − 230

153.02
= 𝟐𝟕𝟐𝒎𝑾 (3.7) 

 

3.3 Selection of Topology 

The common source cascode topology (discussed in chapter 2) is chosen for the proposed 

VGA. The advantages of this topology are that power consumption can be minimized because 

there is only one current path. This is a critical design consideration because passive cooling 

techniques such as heatsinks are not feasible in compact downhole environments. The variable 

bias topology with a single transistor seems to have a better potential for a lower power 

dissipation; however, from the datasheet [34] of the selected device, it was determined that a 

single transistor may not provide the required 30 dB gain. Increasing the VGS to try to push the 

transistor to achieve 30 dB of gain will cause the result in high power consumption. The cascode 

topology, on the other hand, has a high output resistance which results in high gain even at a low 
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VGS. Thus, common source cascode topology can provide a high gain while consuming less DC 

power. 

Secondly, the common source cascode topology consists of only two transistors, which 

minimizes the small/large signal performance variation with temperature. Another advantage is 

that due to the low input resistance of the CG load, the gain of the CS amplifier is low, reducing 

the miller effect. Thus, the topology provides good reverse isolation. Another implication is that 

simultaneously matching the input and output is easier, and changes with respect to temperature 

in input impedance will not have a considerable impact on output impedance, and vice versa.  

A drawback of this topology is that the linearity of the cascode topology depends 

significantly on the non-linearity of the CG stage [42]. Fig. 3.10 shows the small signal model of 

the cascode amplifier.  

 

Fig. 3.10: Small signal model of cascode topology. 

The drain current of CS stage, 𝑔𝑚1𝑉𝑔𝑠1 (referred as 𝑖𝑑1 below), is supplied to the CG stage. 

The gate source voltage of the common gate stage, 𝑉𝑔𝑠2 can be expressed as 

 𝑉𝑔𝑠2 = [𝑍1||𝑍2](𝑔𝑚1𝑉𝑔𝑠1) ≅ 𝑍2(𝑖𝑑1) (3.8) 

The impedance 𝑍2 dominates the effective impedance because it is much smaller than the output 

impedance 𝑍1 of the CS stage. 𝑍2 can be expressed as 
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𝑍2 = (𝑍𝑑𝑠,2 + 𝑅𝐿)||

1

𝑔𝑚2
 (3.9) 

The drain current of the CG stage in terms of its gate source voltage 𝑉𝑔𝑠2 is (approximated to 

third order power series) 

 𝑖𝑜𝑢𝑡 = 𝑔𝑚2,1𝑉𝑔𝑠2 + 𝑔𝑚2,2𝑉𝑔𝑠2
2 + 𝑔𝑚2,3𝑉𝑔𝑠2

3 +⋯ 

= 𝑔𝑚2,1𝑍2𝑖𝑑1 + 𝑔𝑚2,2𝑍2
2𝑖𝑑1

2 + 𝑔𝑚2,3𝑍2
3𝑖𝑑1

3 +⋯ 

(3.10) 

From 2.47, it is clear that as 𝑅𝐿 increases, the impedance 𝑍2 also increases, which in turn 

increases the nonlinear currents as can be seen in 2.48. Thus, if the output impedance 𝑍𝑑𝑠,2 is not 

high enough to block the non-linear currents from leaking to the output, then linearity of the 

design will be affected by the CG stage [42]. Nevertheless, the topology was selected because 

GaN is inherently highly linear. 

 

3.4 Final VGA Schematic 

The schematic of the high temperature VGA is shown in Fig. 3.11.  

 

Fig. 3.11: Schematic of the proposed VGA. 
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In the above figure, the RF input is provided to the gate of M1 through an input matching 

network consisting, a short stub TL2, and transmission line TL1. Capacitors C1 and C2 were 

added after initial measurements to compensate for the slight deviation in matching network 

response from the simulated response. The DC blocking capacitor CBLK separates gate bias VG1 

from the RF input. VG1 is supplied using an RF choke (RFCHK). The control voltage is provided 

using an RF choke. Resistor R3 is for stability, and bypass capacitor C3 provides AC ground. R4 

and C4 are for stability. The supply VDD is provided using a bias tee. Table 3.3 provides the list 

of parts used in the design, and their values. 

TABLE 3.3: LIST OF COMPONENTS IN THE VGA SCHEMATIC 

Circuit Element Manufacturer Value 

C1 Presidio 20 pF (10 pF + 10 pF) 

C2 Presidio 112 pF (56 pF+ 56 pF) 

C3 IPDiA 1 µF 

C4 Presidio 90 pF (68 pF +22 pF) 

R1 Vishay 20 Ω (10 Ω +10 Ω) 

R2 Vishay 4.99 k Ω 

R3 Vishay 50 Ω 

R4 Vishay 70 Ω (50 Ω +10 Ω +10 Ω) 

CBLK IPDiA 1 µF 

RFCHK Coilcraft 1 µH 

 

3.5 Circuit Design 

This section will describe bias point selection, bias network design, stability network design, 

and matching network design of the VGA. 

 

3.5.1 Bias Point Selection 

The two main factors driving the bias point selection of the device are power dissipation limit 

and the operating region of the transistors. Bias point also determines how some large and small 

signal parameters, such as drain current, gm, etc. vary with temperature. Since the VGA is to be 

used at 230 °C, the I-V curves obtained from simulation of the transistor up to 85 °C are not 
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enough to predict the drain currents at 230 °C. Therefore, I-V measurements were taken to 

accurately determine the DC behavior of the HEMT at 230 °C. Measurements were taken at both 

room temperature, and at different temperatures up to 230 °C. The measurements were taken on 

a curve tracer for a single transistor that was soldered on a test board. It was found that even at 

room temperature, the simulation results from ADS did not match the measured I-V curves. This 

can be seen in Fig. 3.12 which compares the curve tracer measurements with the ADS simulation 

result at 25 °C, and discrepancies can be clearly seen, especially at higher drain and gate 

voltages. The figure shows two points on the same trace (at VGS = -2.5V), and it can be seen that 

the measured drain current value in Fig. 3.12 (a) at VDS = 4 V is much higher than the simulated 

value in Fig. 3.11 (b). Thus, I-V curves are measured for the GaN device from 25 °C to 230 °C 

in order to accurately determine the drain currents and saturation region of the HEMT across the 

entire operating temperature range. 

 

(a) 
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(b) 

Fig. 3.12: I-V curves of the transistor (a) Measured (b) Simulated [Simulation models utilized under the University 

License Program from Modelithics, Inc., Tampa, FL and TriQuint Semiconductor, Portland, Oregon]. 

 The maximum power dissipation specification is 272 mW, as estimated in section 3.2.1. The 

bias point is selected such that the power dissipation limit is satisfied, and the variation in gain is 

low with respect to variation in temperature. This is important to ensure that the design exhibits 

the same gain and dynamic range across the entire operating temperature range. As derived in the 

previous chapter, the gain of cascode configuration is:  

−𝑔𝑚1[𝑅𝐿||(𝑔𝑚2𝑟𝑜1𝑟𝑜2)] 

Gain heavily depends on gm, which is affected by temperature (as discussed in section 

2.2.1.7). To achieve a constant gain at both room and high temperatures, M1 is biased near the 

transconductance zero-temperature coefficient (GZTC) bias point, which refers to the bias point 

where gm is independent of temperature. The GZTC point is determined as the intersection point 

of measured gm versus VGS curves at temperatures from 25 °C to 230 °C, as shown in Fig. 3.13.  
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Fig. 3.13: Measured transconductance versus gate bias voltage at different temperatures. 

It is observed from Fig. 3.13 that GZTC lies at approximately -2.45 V. However, from the 

measured I-V curves at 230 °C (Fig. 3.14), this bias point is found to exceed the power 

dissipation limit at 230 °C, at drain voltages ≥ 4 V. Although VGS values close to -2.45 V could 

be selected since they show relatively less gm variation, the power dissipation is very close to the 

estimated limit. Fig. 3.13 shows the power dissipation limit (272 mW) for gate bias voltages 

from -2.3 V to -2.6 V, and drain voltages from 2 V to 6 V. 
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Fig. 3.14: Measured I-V curves of the transistor at 230 °C. 

The calculation of the power dissipation limit was a simplified one dimensional estimation of 

heat flow, and biasing very close to it could be detrimental to the design due to self-heating 

issues in MOSFET, which were not considered in analysis due to complexity. Therefore, the bias 

point of VGS = -2.54 V was selected for CS MOSFET M1. This point is well within the power 

dissipation limit and shows relatively less gm variation with temperature. The supply voltage VDD 

is 4 V to ensure that VDS of transistors is high enough to operate in saturation region. The drain 

current ID is 17 mA at 25 °C, and 44 mA at 230 °C. The power consumption for maximum gain 

at 230 °C is 176 mW. The gate voltage of M2 is the gain control voltage (VCTRL) of the circuit. 

VCTRL ranges from -0.1 V to -3.2 V, with -0.1 V providing the highest gain, and -3.2 V providing 

the lowest gain. 

 

3.5.2 Bias Network Design 

Bias voltage are supplied using integrated bias tees, which consist of a DC blocking capacitor 

and an RF choke. The capacitor and inductor values used in bias tee were 1 µF and 1 µH, 

respectively. A cause of concern is that large capacitors and inductors may have low self-

resonant frequencies, which may fall within the operating frequency range. The self-resonant 

frequency of the inductor is 350 MHz [37], which is outside the operation band. The self-
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resonant frequency of the capacitor can be estimated from its parasitic inductance (ESL) 

information from the datasheet. The datasheet suggests that the ESL is 1 nH [37]. 

 
𝑆𝑅𝐹 =

1

2𝜋√𝐸𝑆𝐿 ∗ 𝐶
=

1

2𝜋√(1𝑛𝐻)(1𝜇𝐹)
= 5𝑀𝐻𝑧 (3.11) 

 The capacitor will perform its DC blocking capabilities, but at the operation frequency, may 

attenuate signals because it behaves like an inductor beyond its self-resonant frequency. The 

“inductance” of the capacitor at 97.5 MHz is  

 𝑋𝑐 = ω ∗ ESL = 2𝜋(97.5𝑀𝐻𝑧)(1𝑛𝐻) = 0.6Ω (3.12) 

This value is small enough to not cause attenuation of RF signals. The bias tees are employed at 

the gate of M1 and drain of M2. At the gate of M2, the RF choke is used to feed the control 

voltage, and the 1 µF capacitor is used as bypass to provide AC ground to the CG transistor. 

 

3.5.3 S-parameter model  

The s-parameter model is available in the device model provided by Modelithics [33], but the 

characterization is done at VDS = 28 V and IDS = 50 mA and 150 mA. Since the DC simulation in 

ADS was found to be different from measured results, the s-parameter simulation was also done 

to accurately predict the response of the GaN HEMT. The simulated response of the transistor at 

VDS = 4 V and IDS = 16 mA is shown in Fig. 3.15. 

Due to the discrepancy between measured and simulated models, the measured s-parameter 

model was incorporated in simulation, and the stability circuits, bias networks, and matching 

networks were designed around it. S-parameters were measured at both 25 °C and 230 °C, and 

the model at 230 °C was used to design the VGA circuit because that is the target temperature for 

the application. 
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Fig. 3.15: Measured and simulated s-parameters of the transistor at 25 °C (VDS = 4 V, IDS = 16 mA) [Simulation 

models utilized under the University License Program from Modelithics, Inc., Tampa, FL and TriQuint 

Semiconductor, Portland, Oregon]. 

3.5.4 Stability 

The selected GaN transistor was found to be inherently unstable. Fig. 3.16 shows the 

simulated µ stability parameters with 50 Ω source and load impedances, at IDS = 16 mA and VDS 

= 4 V.  

 

Fig. 3.16: Simulated and measured µ parameters of the transistor at 25 °C (VDS = 4 V, IDS = 16 mA) [Simulation 

models utilized under the University License Program from Modelithics, Inc., Tampa, FL and TriQuint 

Semiconductor, Portland, Oregon]. 
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 The above simulation and measurement plot is for a single transistor. The cascode 

configuration required using multiple stability networks both at the input and output to make the 

VGA unconditionally stable. The measured s-parameter model at 230 °C was used to design the 

stability circuit in ADS, and stability was verified in simulation at both 25 °C and 230 °C to 

ensure stable operation across the entire temperature range.  

Stabilizing resistors were added to ensure unconditional stability, while sacrificing noise 

performance. Since the VGA is in the IF stage of the downhole communication receiver, its 

noise contribution is minimal in the cascaded noise figure. In order to improve stability, series 

and shunt resistors R1 = 20 Ω and R2 = 4.99 kΩ are employed at the input. The RC series 

network of R4 = 70 Ω and C4 = 90 pF is employed at the output to decrease gain and improve 

stability at higher frequencies outside the operation band. A cause of concern for cascode 

amplifiers is that the input impedance looking in to the gate of the cascode device (M2) can have 

a negative real part, which can be calculated below. In order to calculate this impedance, the 

common source transistor M1 can be represented as a parallel combination of a resistor (Rp) and 

capacitor (Cp), as shown in Fig. 3.17. 

 

 

Fig. 3.17: Input impedance seen at the gate of the cascode transistor. 
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𝑉𝑖𝑛 = 𝐼𝑖𝑛

1

s𝐶𝑔𝑠
+ (𝐼𝑖𝑛 + 𝑔𝑚𝑉𝑔𝑠)𝑍𝑝 = 𝐼𝑖𝑛

1

s𝐶𝑔𝑠
+ (𝐼𝑖𝑛 + 𝑔𝑚

𝐼𝑖𝑛
𝐶𝑔𝑠

)𝑍𝑝 (3.13) 

 
𝑍𝑖𝑛 =

𝑉𝑖𝑛
𝐼𝑖𝑛

=
1

s𝐶𝑔𝑠
+ 𝑍𝑝 (1 + 𝑔𝑚

1

s𝐶𝑔𝑠
) (3.14) 

The real part of 𝑍𝑖𝑛 can be calculated to be [42] 

 
𝑅𝑖𝑛 ≅

𝑅𝑝

(𝑅𝑝𝐶𝑝𝜔)2 + 1
−

𝑔𝑚𝑅𝑝
2𝐶𝑝𝜔

2𝐶𝑔𝑠

(𝑅𝑝𝐶𝑝𝐶𝑔𝑠𝜔2)2 + (𝐶𝑔𝑠𝜔)2
 (3.15) 

The negative resistance makes this node prone to oscillation if there is a parasitic inductance 

present at the gate of the cascode device. Adding a resistance will lower the Q of this oscillation, 

thereby increasing stability [43]. A 50 Ω resistor at the gate of M2 improved the stability factor 

considerably in simulation; resistor R3 = 50 Ω is added at the gate of M2, and bypass capacitor C3 

provides AC ground.  

The stability analysis and design of stability networks was performed in the highest gain 

setting because it is most prone to instability. As gain decreases, stability generally increases. µ 

factor also verified in simulation for other control voltages. At high temperature, the stability is 

expected to improve because of decrease in gain (gm decreases with temperature).  

 

3.5.5 Matching Network 

Both input and output ports need to be matched to 50 Ω. Microstrip transmission lines are 

used to match the input port to 50 Ω.  The main reason for using microstrip lines is that they 

offer negligible temperature variations compared to inductors and capacitors. The input and 

output impedances before matching are shown below.  
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Fig. 3.18: Measured input and output impedances at 230 °C before matching (VG1 = -2.54 V, VCTRL = -0.1V, and 

VDD = 4V). 

Due to the presence of 70 Ω resistor at the drain, the effective output impedance is close to 

50 Ω, and no output matching is required. The input is conjugate matched for maximum gain 

(VCTRL = -0.1 V) at 230 °C. As seen in Fig. 3.19, a transmission line TL1 (17.78 cm) with short 

stub TL2 (4.57 cm) make the input impedance match to 50 Ω at 97.5 MHz in simulation. 

 

Fig. 3.19: Design of input matching network at 230 °C for maximum gain setting (VG1 = -2.54 V, VCTRL = -0.1V, 

and VDD = 4V). 
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For the matching network to work for all control voltages and across the entire operating 

temperature range, the variation in the matched input and output impedance of the circuit with 

respect to control voltage and temperature was determined. The simulated matching network 

results are shown in Fig. 3.20. 

 

(a)                                                                                 (b)                      

Fig. 3.20: Variation of simulated input matching network at center frequency of 97.5 MHz (a) with respect to VCTRL 

(b) with respect to temperature [Simulation models utilized under the University License Program from Modelithics, 

Inc., Tampa, FL and TriQuint Semiconductor, Portland, Oregon]. 

From these variations, it can be seen that the worst case deviation of matched input 

impedance is within 10 % of 50 Ω. Thus, the designed matching network should give a good 

input return loss for all control voltages and all temperatures.    
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Chapter 4 

4 Measurement 

In this chapter the measurement setup and test procedures will be discussed, followed by the 

measurement results. 

 

4.1 Measurement Setup 

This section will describe the measurement setup for the various tests performed on the 

VGA. Both room temperature and high temperature test setups will be described. A Rohde and 

Schwarz (R&S) ZVA67 network analyzer is used to measure s-parameters and 1 dB compression 

of the circuit. The noise figure is measured using HP E4411B spectrum analyzer, and Agilent 

346C noise source. The measurement procedures and setups will be further elaborated upon 

below. 

 

4.1.1 S-parameters 

The R&S ZVA67 was used to measure the s-parameters and 1 dB compression of the circuit. 

The instrument is a 4 port network analyzer. However, for our purposes, it is used in 2 port mode 

with port 1 being the input, and port 2 being the output port. The ports are 50 Ω and can both 

transmit and receive signals. The frequency range of this instrument is from 10 MHz to 67 GHz 

[44].  

 

4.1.1.1 VNA Calibration 

In order to measure s-parameters, the VNA ports should be calibrated to remove the effect of 

all the connectors and components until the desired measurement plane. For example, in order to 

measure s-parameters to characterize a single transistor or a passive component, all components 

until the component junction have to be calibrated out of the measurement. Thus, cables, 

connectors, and the microstrip line on the PCB from the SMA connector to the component 

junction should be calibrated out. A basic TOSM (thru, open, short, and match) calibration 

routine is performed to calibrate the cables and connectors out of the measurement. To de-embed 



50 

 

the transmission line on the board, the “port extension” feature on the VNA is used, where the 

length of the line to be de-embedded is entered along with the effective relative permittivity and 

loss of the substrate. This information is used by the VNA to calibrate the transmission lines out 

of the measurement. 

 

4.1.1.2 Test Setup 

Voltage bias for the VGA is provided using a Rigol DP832A Programmable Power Supply. 

Port 1 of the VNA is connected to the VGA input, and port 2 to the output. The VGA input 

power level is typically set to -20 dBm to measure active devices. The VNA datasheet was 

checked to make sure that the output power level from the VGA is well within the linearity 

specification of the VNA receiver. 

To perform the s-parameter test at high temperatures, the VGA board is placed inside a 

Yamato natural convection drying furnace, which has provisions for inserting cables. The board 

is connected to the lab bench equipment (DC supplies, VNA) using special high temperature 

cables and SMA connectors. The test setup is shown below. 

 

Fig. 4.1: Test setup for high temperature s-parameter measurement [44]-[46]. 
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4.1.2 1 dB Compression 

In order to measure the 1 dB compression of the circuit, the VNA is calibrated and a power 

sweep measurement is selected. The frequency of the input CW tone is set in the power sweep 

menu, along with the input power sweep range. The VGA sweeps the input power at port 1 (set 

as input port) and measures the output power at port 2 (set as output port) and plots gain versus 

input power. From this plot, the 1 dB compression of the circuit can be seen.  

For this measurement, it is important to know the linearity specification of the VNA receiver, 

both for the safety of the VNA and the measurement accuracy. Attenuation should be added 

before the VNA output if the output power level from the VNA is close to the compression 

specification of the VNA. The test setup is similar to the s-parameter measurement. 

 

4.1.2 Noise Figure  

A few common methods for measuring the noise figure of a device are the gain method, the 

Y factor method, and noise figure analyzer (NFA) method. Selection of measurement method 

depends on the application of the circuit. The noise figure analyzer method is an accurate method 

for measuring very low (sub 3 dB) noise figures. The error is large when measuring relatively 

high noise figures. The gain method is an easy way to measure noise figure of high gain circuits, 

but is only favored for measuring very high noise figures. This method is also limited by the 

noise floor of the spectrum analyzer which is used in the measurement. The Y factor method is 

suitable for a wide range of noise figure, and is chosen for measuring the NF of the VGA circuit. 

The Y factor method involves the usage of a spectrum analyzer, and a noise source.  

 

4.1.2.1 Spectrum Analyzer 

Spectrum analyzers are very useful to look the fundamental signal spectrum, harmonics, and 

intermodulation products. They can also measure the noise spectral density for a specified 

bandwidth. Functions such as resolution bandwidth, averaging, span, and video bandwidth can 

be changed according to the signal for more accurate measurements.  The HP E4411B spectrum 

analyzer, along with the Keysight (formerly Agilent) 346C noise source was used in measuring 

noise figure for the proposed VGA. 
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4.1.2.2 Noise Source 

A noise source is used to product an output noise power when a DC voltage is provided to it 

(powered ON). The Keysight 346C noise source requires a +28 V DC input [47]. When the 

instrument is powered OFF, there is still thermal noise in the noise source. The difference in 

noise levels when the instrument is powered ON and OFF is used to measure the gain and added 

noise of the circuit under test [47]. Noise sources are characterized by a parameter called excess 

noise ratio (ENR), at many frequencies within the operation frequency range. ENR refers to the 

ratio between the power ON noise power, to the noise power at 290 K (17 °C). This parameter 

will be used in NF calculations. 

 

4.1.2.3 Test Setup and Calculations 

The test setup is as follows. The noise source is connected to a DC supply that can provide a 

+28 V input. The output of the noise source is connected to the input of the VGA. Bias ports of 

the VGA are connected to a power supply. The VGA output goes to a spectrum analyzer input to 

measure the noise power density. Spectrum analyzer settings are adjusted to get an accurate 

measurement. Averaging is turned ON, and the resolution/video bandwidths of the instrument 

are adjusted to achieve an accurate measurement. For high temperature measurement, the VGA 

is placed in the thermal furnace and high temperature cables are used to connect to the VGA 

ports. Fig. 4.2 shows the test setup at high temperature. 
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Fig. 4.2: Test setup for high temperature NF measurement [44]-[47], [49]. 

When the test setup shown above is achieved, the noise figure is calculated as follows [48].  

 

𝑁𝐹 = 10 ∗ 𝑙𝑜𝑔(
10

𝐸𝑁𝑅
10

10(
𝑌
10

)−1
) (4.1) 

Where Y is the change in output noise power density (measured at spectrum analyzer) when 

the noise source is turned ON from the state of being OFF. ENR value at the frequency of 

interest is obtained from the table provided by the instrument.  

 

4.2 Measurement Results 

This section presents measured results of s-parameters (gain, input/output return loss), 1 dB 

compression, and noise figure for the VGA at temperatures ranging from 25 °C to 230 °C, and 

compares the performance at 25 °C and 230 °C.  
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4.2.1 S-parameters 

 The s-parameter measurements give the gain, input matching, output matching, and stability 

performance of the VGA. At 25 °C, the VGA achieves a maximum gain of 28 dB at VCTRL = -0.1 

V, and a minimum gain of -6.23 dB at VCTRL = -3.2 V, showing a dynamic range of 34.23 dB 

(see Fig. 4.3). Each gain step is achieved with a 0.1 V increment in VCTRL. At 230 °C, the VGA 

gain ranges from 27 to -2.43 dB using the same VCTRL range. The dynamic range is 29.43 dB. 

Fig. 4.4 shows the variable gain of the VGA at 230 °C. The 3 dB bandwidth is 13.3%. Fig. 4.5 

shows the linear in dB control range of the VGA at room temperature and 230 °C. It can be seen 

that the linear gain control range is from -0.1 V to -2.5 V, with a peak deviation from ideal linear 

value of  6 % (at -2.5 V) at 25 °C and 4 % (at -2.5 V) at 230 °C. 

 

Fig. 4.3: Measured variable gain of the circuit at 25 °C, as VCTRL is swept from -0.1 V to -3.2 V with 0.1 V 

decrements. 
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Fig. 4.4: Measured variable gain of the circuit at 230 °C, as VCTRL is swept from -0.1 V to -3.2 V with 0.1 V 

decrements. 

 

Fig. 4.5: Measured linear in dB gain control range at 25 °C and 230 °C. 
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Fig. 4.6 – 4.8 show the variation with temperature of s-parameters at 97.5 MHz, as the 

control voltage is swept across its full range. From Fig. 4.6, the variation in maximum gain (at 

VCTRL = -0.1 V) from 25 °C to 230 °C is only 1 dB and this small variation is due to the fact that 

the transistor M1 is biased near to GZTC. The maximum variation in gain across temperature is 6 

dB, and occurs at -2.5 V. This variation could be minimized with adaptive biasing. The VGA 

achieves very good input and output matching at all control voltages and temperatures. The input 

and output return losses for the highest gain (VCTRL = -0.1 V) at 230 °C are S11 = -26.37 dB and 

S22 = -12.4 dB.  Both S11 and S22 for the design are below -12.3 dB -12 dB, respectively, across 

all gain settings and temperatures as can be seen in Fig. 4.7 and Fig. 4.8. 

 

Fig. 4.6: Measured S21 at 97.5 MHz, at different control voltages from 25 °C to 230 °C. 
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Fig. 4.7: Measured S11 at 97.5 MHz, at different control voltages from 25 °C to 230 °C. 

 

Fig. 4.8: Measured S22 at 97.5 MHz, at different control voltages from 25 °C to 230 °C. 
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4.2.2 Stability 

Stability is a very critical design consideration. Stability of the VGA is verified using u 

stability factor for the VGA. µ factors are calculated from the measured s-parameters in ADS, 

and will hence be referred to as measured µ factors. Stability is measured for a wide frequency 

range in order to make sure that any undesired oscillations at higher frequencies do not affect the 

performance at the frequency of operation. Fig. 4.7 shows the measured µsource and µload factors at 

230 C and maximum gain. It can be seen that the VGA is unconditionally stable in the operating 

frequency range. A wide frequency range stability measurement was also performed (see Fig. 

4.8). The VGA is conditionally stable near low frequencies and unconditionally stable in 

operating frequency range and at high frequencies. Although the VGA is conditionally stable (µ 

≈ 0.9) at a few points at low frequencies (< 60 MHz), it is not very concerning because of very 

low gain at those frequencies (due to a narrow bandwidth matching network). Stability is verified 

at all other gain settings, and as expected, the VGA was found to be more stable at lower gain 

settings. 

 

Fig. 4.9: Measured µload of the VGA circuit at 25 °C and 230 °C (VGS = -2.54 V, VCTRL = -0.1V, and VDD = 4V) 

[Simulation models utilized under the University License Program from Modelithics, Inc., Tampa, FL and TriQuint 

Semiconductor, Portland, Oregon]. 
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Fig. 4.10: Measured µload of the VGA circuit at 25 °C and 230 °C for a wide frequency range (VGS = -2.54 V, VCTRL 

= -0.1V, and VDD = 4V) [Simulation models utilized under the University License Program from Modelithics, Inc., 

Tampa, FL and TriQuint Semiconductor, Portland, Oregon]. 

4.2.3 1 dB Compression 

The 1 dB compression test is performed to test the linearity of the circuit. Since the VGA is 

in the end stage of the receiver, the linearity of the VGA, along with the mixer dominates the 

total linearity of the system. Fig. 4.9 shows the linearity performance plot at maximum gain 

setting, from 25 °C to 230 °C.  

At 25 °C, the input P1dB of the VGA is -3.63 dBm at maximum gain (VCTRL = -0.1 V). 

Using a 1 dB compressed gain of 25.82 dB, the output P1dB is 22.19 dBm at maximum gain.  

At 230 °C, the input P1dB of the VGA is -10.92 dBm, at maximum gain (VCTRL = -0.1 V). 

Using a 1 dB compressed gain of 25.82 dB, the output P1dB is estimated to be 14.9 dBm at 

maximum gain. The input P1dB at 230 °C for minimum gain (VCTRL = -3.2 V) is -11.71 dBm. At 

230 °C, the input P1dB does not meet the specification of ≥ 5 dBm. Ways to improve linearity 

are discussed in conclusion. 
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Fig. 4.11: Measured input P1dB of the VGA at maximum gain (VCTRL = - 0.1 V) from 25 °C to 230 °C. 

4.2.4 Noise Figure 

Since the VGA is in the end of the signal chain, the noise contribution from it is minimized 

by the gain of components before it. Fig. 4.10 shows measured noise figure versus control 

voltage at temperatures from 25 °C to 230 °C. It can be seen that the NF ranges from 7.6 dB to 

18 dB at 25 °C, and from 8.9 dB to 18.9 dB at 230 °C. The noise performance is reasonably 

good, considering that stabilizing resistors were added to make the inherently unstable transistor 

achieve unconditional stability.  

It can be noted from Fig. 4.10 that for control voltages up to -2 V, the NFs at 175 °C and 230 

°C are higher than the NFs at 25 °C and 100 °C, which is expected. As temperature increases, NF 

also increases. However, as the control voltage increases beyond -2 V, the NFs at 175 °C and 

230 °C increase at a much slower rate than the NFs at 25 °C and 100 °C. At control voltages 

beyond -2.75 V, the NFs at 175 °C and 230 °C are lower than NFs at 25 °C and 100 °C. This is 

because as temperature increases, threshold voltage of the transistor is lowered, causing the 

transistor to remain in active mode for much lower values of control voltages. This can be 

verified from the S21 versus control voltage plot in Fig. 4.6. Thus, at control voltages close to the 

cut-off region, the gain at 175 °C and 230 °C is higher than the gain at 25 °C and 100 °C. As 
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gain increases, signal power at output also increases. Most of the noise sources remain constant, 

resulting in a higher signal to noise ratio (SNR) and hence, lower NF. 

 

Fig. 4.12: Measured NF of the VGA at 97.5 MHz at different control voltages from 25 °C to 230 °C. 

4.2.5 Summary of Results 

Table 4.1 presents a summary of results at 25 °C and 230 °C.  

TABLE 4.1: SUMMARY OF RESULTS  

Parameter Spec Result 

Frequency (MHz) 96.5 – 98.5 96.5 – 98.5 

Temperature (°C) 25 – 230  25 230 

Gain (dB) 30 to 0 28 to -6.23 27 to -2.43 

Input P1dB (dBm) ≥ 5 -3.63 -11.57 

Noise Figure (dB) - 7.63 to 18 9 to 18.89 

Input Return Loss (dB) ≥ 10 12.3 to 19.1 17 to 26.4 

Output Return Loss (dB) ≥ 10 13 to 15.4 12.4 to 17.7 

µ-factor > 1 > 2.6 > 2.6 

Power Consumption 

(mW) 

- 16 to 68 16 to 176 
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Chapter 5 

5 Conclusion 

The design of a high temperature GaN based VGA, capable of operating from 25 °C to 230 

°C is presented in this thesis. The VGA uses a cascode topology which utilizes only two 

transistors to minimize power consumption, and is able to operate at 230 °C without active or 

passive cooling techniques. The VGA achieves a high peak gain of 27 dB, and a gain control 

range of 29.4 dB at 230 °C. The minimum variation in gain across all temperatures is 1 dB and 

maximum variation is 6 dB. Input and output remain well matched with both IRL and ORL 

being > 12 at all gain settings from 25 °C to 230 °C. Furthermore, the VGA shows good linearity 

and noise performance at 230 °C. The proposed VGA is a proof of concept for high temperature 

circuits in GaN, and capable of operating in downhole communication systems. At the time of 

this writing, this is the first VGA to be reported that is capable of operating up to 230 °C, while 

showing good linearity and noise performance. 

 

5.1 Future Work 

From the design standpoint, improvement in linearity (1 dB compression) of the circuit is 

possible. Modifications to the cascode topology such as adding a resistor at the source of the 

common source transistor could help improve the linearity and stability at the cost of reduction 

in gain. Alternatively, a different topology could be implemented altogether. A source 

degeneration topology which offers higher linearity could be implemented with a variable 

resistor at the source (can be implemented using voltage controlled MOSFET in triode region).  

The second and a more optimum way to extract the best performance from the circuit is to 

use adaptive biasing. Variations with respect to temperature can be minimized further using 

adaptive biasing or compensation schemes.  

Implementation in IC will make the design more compact and give designers added control 

over transistor size (W, L) for optimum design. This is hard to achieve with discrete components. 

Moreover, more complex topologies with temperature compensation or adaptive biasing schemes 

can be implemented.  
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The fabrication and use of GaN technology is still in its nascent stages. As fabrication 

technology advances, fully integrated high temperature RF circuits are very realizable and have a 

tremendous potential for widespread use not just in downhole communications, but also other 

extreme environment applications such as monitoring automobile/aircraft engines, satellite 

communications, and space exploration.  
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