Chapter 9: Applications in High-Frequency Devices

9.1 Introduction

High-frequency electronics are essential for modern communication systems, radar, satellite
links, and wireless data transmission. Compound semiconductors like GaAs, GaN, and InP
outperform silicon in these domains due to their high electron mobility, direct bandgap, and
high breakdown voltage. These properties make them ideal for microwave transistors,
amplifiers, and other high-frequency integrated circuits.

This chapter focuses on the critical role compound semiconductors play in high-frequency
devices and explores their use in various communication technologies.

9.2 Problem Statement
Why are silicon-based devices inadequate for many high-frequency applications?

How do compound semiconductors enable device operation in GHz to THz ranges, and what
devices utilize these advantages?

9.3 Key Material Advantages for High-Frequency Devices
Property Advantage in RF Design
High Electron Mobility Faster signal transmission, low capacitance
High Saturation Velocity Shorter transit times — higher cutoff frequency
Wide Bandgap (GaN, SiC) High breakdown voltages — power + frequency

Low Parasitics Enables efficient microwave/mmWave operation

9.4 High-Frequency Devices Using Compound Semiconductors
e MESFET (Metal-Semiconductor Field Effect Transistor)

e Material: GaAs, InP



e Features:
o Operates up to ~30—-40 GHz
o Used in low-noise amplifiers (LNAs) and driver amplifiers

e Applications: Radar, base stations, satellite transceivers

e HEMT (High Electron Mobility Transistor)

e Material: AIGaN/GaN, AlGaAs/GaAs, InP-based

e Features:
o Very high cutoff frequencies (up to 150+ GHz)
o High power density and efficiency

e Applications: 5G RF front-ends, radar systems, military communication

e HBT (Heterojunction Bipolar Transistor)

e Material: AIGaAs/GaAs, InP/InGaAs
e Features:
o High gain-bandwidth product
o Used in oscillator and mixer circuits

e Applications: Optical fiber drivers, GHz RF ICs

9.5 MMICs — Monolithic Microwave Integrated Circuits

e Definition: ICs that integrate active and passive microwave components (amplifiers,
mixers, filters) on a single chip

e Fabrication Platform: GaAs or GaN substrates



e Advantages:
o Compact form factor
o Wide bandwidth

o Excellent reliability at high frequency

Component Role in MMIC
Amplifiers Boost RF signal strength
Mixers Frequency conversion
Phase Control antenna beam
Shifters direction
Oscillators Generate carrier frequency

9.6 Communication Applications
e 5G and Beyond

e GaN HEMTs used in power amplifiers for high-frequency 5G base stations
e Enable high linearity and low energy loss

e Support mmWave bands (26 GHz, 39 GHz, etc.)

e Satellite and Aerospace

e GaAs/InP HBTs and HEMTSs used in:
o Satellite transponders
o RF front-ends
o GPS modules

e Compound semiconductors offer radiation hardness and low noise, critical for space



o Millimeter-Wave and Terahertz Devices

e InP HEMTs and InGaAs mHEMTs support >100 GHz operation

e Emerging in:

o Automotive radar (77 GHz)

o Security imaging systems

o High-speed wireless (e.g., WiGig, 60 GHz)

9.7 Device Performance Benchmarks

Device Material
Type System

MESFET  GaAs

HEMT AlGaN/GaN,
InP
HBT InP/InGaAs

Cutoff
Frequency (fT)

~30—40 GHz

60-150 GHz+

>100 GHz

Max Operating
Frequency

~20 GHz

>100 GHz

50-80 GHz

Applications

LNA, RF switches

Base stations,
radar

Optical, broadband
amps

9.8 Challenges in High-Frequency Compound Devices

e Thermal Management: High power density demands efficient heat dissipation

e Packaging: RF packaging must minimize parasitics and maintain impedance matching

e Cost: GaN and InP substrates are costlier than silicon

e Integration: Need for hybrid or heterogeneous integration with silicon CMOS

9.9 Real-World Use Cases



Application Device Material Benefit
Used

5G Power Amplifier GaN HEMT  AlGaN/GaN High efficiency, high frequency

Satellite Uplink RF MMIC GaAs Low noise, radiation resistance

Automotive Radar MmHEMT InGaAs High-frequency, compact
design

Optical Transceiver HBT InP High-speed modulation

9.10 Conclusion

Compound semiconductors form the backbone of high-frequency electronics. Their superior
material properties enable the design of transistors and ICs that operate far beyond the
limitations of silicon, making them critical to 5G networks, satellite communications, radar
systems, and emerging mmWave applications.

As data rates increase and devices shrink, compound semiconductors will continue to be
essential for future wireless and broadband technologies.
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