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Abstract: First, this project developed a simple High Electron Mobility Transistor (HEMT) model in
AWR software and evaluated its operation as a detector at a low frequency of 10 GHz. The project then
analyzed the results to explain why plasma resonance, rather than electron migration, is used for
terahertz radiation detection. Secondly, the current-voltage (I-V) characteristics of the HEMT, along
with a recurrence of the self-mixing model for verification, were used to establish the relationship
between the detector and the signal. A responsivity scan was conducted for the AC response analysis
results, and suggestions for further work on this project were provided. This project also performed a
noise analysis of the Noise Equivalent Power (NEP) and examined AC responses under terahertz
interaction, illustrating differences among models. Finally, the project validated a commercial HEMT
model as a control group and defined key parameters of terahertz detectors to lay the foundation for
subsequent antenna integration.
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1. Introduction

Fleming [1] first coined the term "terahertz" in 1974, when it was associated with the well-known
concept of the "terahertz gap" in radio sounding. "The Gap" (Fig. 1) refers to the lack of adequate
terahertz radiation detection techniques. The limitation caused by lost bandwidth hinders the
development of communication technologies. As computer science advances in accordance with Moore's
Law, the amount of wireless information transmission will eventually reach a physical limit related to
electron behavior. Since the breakthrough in terahertz science and technology several decades ago,
multiple technologies have helped overcome the "terahertz divide" [2]. In this project, electromagnetic
radiation is treated as being composed of photons; thus, the term "light" in this thesis refers to
electromagnetic radiation of any frequency.
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Fig. 1 THz region spectrum

The study of terahertz systems is likely to be a hot topic in the evolution of communication
technologies. Currently, the main wireless communication methods used in daily life are based on
Quadrature Amplitude Modulation (QAM), whether in 4G, 5G, or Wi-Fi systems. A single code
expression in QAM is given by:

sc(H)=Ay cos (ot+0y), kT<t<(k+1)T
while Multiple Quadrature Amplitude Modulation (MQAM) is expressed as:

Swoan(D= ) A, g(tnT,) cos (0,t+o,)
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Here, (A,) represents the amplitude range of the fundamental signal, (T,)is the width of a single
fundamental signal waveform, and (g(t-nT))denotes the waveform function. The expression for MQAM

can be transformed into:
Z Xn g(t'nTs) Z Yn g(t'nTs)

The amount of information carried in the waveform increases as more signals are incorporated;
however, the error rate also increases with the number of signals carried. If the frequency of the carrier
wave is increased, the error rate issue can be alleviated because the time consumed by a single signal
transmission is reduced. Another advantage of exploring higher frequencies is the availability of larger
bandwidth, which allows more parallel signals to be transmitted simultaneously.

smoam()= cos (@.t)- sin (®,t)

The detection of terahertz radiation is accompanied by changes in physical properties [4]; some
techniques quantify the changes caused by thermal effects of terahertz radiation [S]. Another technical
approach to measuring terahertz radiation involves monitoring electronic transitions induced by terahertz
radiation [3]. Specifically, high electron mobility transistors (HEMTs) can be used to create a two-
dimensional electron gas (2DEG), which can interact with terahertz radiation. Cooled bolometers and
cooled photoconductors exhibit optimal performance at low temperatures, making them suitable choices
for astronomical applications. Nevertheless, at room temperature [6], electronic detectors demonstrate
better detection capabilities than thermal detectors. In recent years, terahertz detection based on plasma
waves has been applied to modeling, and the simulation of high-sensitivity detectors also provides a
favorable opportunity for the use of 2DEGs created by AlGaN/GaN heterostructures [7]. Therefore,
research on gallium nitride (GaN) HEMT terahertz receivers will fill a gap in radio detection for the
entire communication system.

2. Terahertz Detection Mechanism
2.1. Figure of Merit

Responsivity is defined as the ratio of the average output electrical signal (either voltage drop or
current) to the average input power signal (incident terahertz radiation power).

It is expressed as voltage responsivity:

R Vv
(Ryw=7)

Or current responsivity:

I
R =—
(Raw=p)

Numerous publications on HEMT research propose different equations for defining responsivity; thus,
in this thesis, a general equation:

nq
R=—
( hv

is used to evaluate the responsivity of the detector. In this equation, (q)represents the induced charge,
(hv)denotes the energy of the terahertz wave (where (h) is Planck’s constant and (v) is the frequency
of the terahertz wave), and (1) is the efficiency factor used to assess responsivity.

2.2. Noise Equivalent Power

Noise Equivalent Power (NEP) is a fundamental measure of detector sensitivity: the smaller the NEP
value, the higher the detector sensitivity. However, it is important to note that different authors use NEP
in different ways [8]. As the name suggests, the unit of NEP should be watts, and some authors express
NEP values in watts. A parameter related to NEP is the detectivity (D*). For a detector with area (4)
and spectral bandwidth (Af), the detectivity is given by:

ey

NEP
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In this paper, the root mean square (RMS) value is used to describe the input terahertz wave power
as an AC input, with the following relevant equations:

Ap 27s
L:(ZN—I) Z s /lp: w—

p
;(] - th)
S é*

where (N=1,2,3,...), (4,) is the plasma wavelength, (s) is the plasma wave speed, (e) is the
electron charge, (V,) is the gate voltage, (Vy) is the threshold voltage, and (m*) is the effective
electron mass.

2.3. Self-Mixing with Plasmonic Effects

In the early 1990s, Dyakonov proposed that terahertz radiation induces collective vibrations of
carriers in the form of plasma waves [9]. Correspondingly, plasmonic waves generate terahertz-induced
DC photocurrents in the field-effect transistor (FET) channel, opening up a new avenue for room-
temperature terahertz detection. This work was followed by the development of the classical
hydrodynamic transport model, which explains the rectification of the two-dimensional electron gas
(2DEG) through resistive self-mixing in transistor channels.

The frequency of the plasma mode in the 2DEG can be expressed as:
wy=2N-1)wq

x [e(VeVim)
where (wg=3; |— .

). Here, a field-effect channel defines a plasma cavity with a gate length (L);

(N=1,2,3,...); (Vy) and (V) are the gate voltage and the threshold voltage at channel pinch-off,
respectively; and the size of the cavity (L) and the electron density (related to (V,)) determine the
plasma mode.

For a simple plasma cavity, the plasma frequency is given by:

T

where (m,n,p=1,2.3,...), (¢) is the permittivity of the medium, and («) is the permeability of the
medium. The lowest resonant frequency is:

fmnp:

2
s @) ()

Thus, when the plasma cavity is scaled to the nanometer size, it can be tuned to the terahertz frequency
spectrum. Research by Dyakonov and Shur indicates that the 1/4-wavelength characteristic of the cavity
is the optimal choice for terahertz detection. For terahertz detectors, when terahertz waves enter and
excite resonant or non-resonant plasma waves in the field-effect channel, the electrons in the channel
interact with the plasma waves to induce a current. The DC voltage detected by the receiver proposed in
this paper characterizes the magnitude of this induced current, converting the amplitude of the terahertz
wave into a proportional DC voltage drop.

2

3. Terahertz Receiver Modelling

To achieve terahertz detection, this project first defined the parameters of the detector. Key
characteristics of terahertz detectors include frequency range, noise level, responsivity, linearity, response
time, coherence, and polarization sensitivity. Since this project focuses on building a suitable model for
the detector and its antenna, it begins with the validation of a commercial HEMT model as a control
group. An advanced antenna model with an optimized structure was adopted to enhance terahertz wave
detection. Finally, thermal and pulse detectors were used to evaluate the performance of the final-stage
GaN detectors, as these detectors can detect broader broadband signals than other types [2].
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The commercial HEMT used in this paper is the CG2H40010F from Wolfspeed. By measuring the
induced voltage of the device under its operating voltage, an ideal induced voltage curve was obtained.
The performance and effectiveness of the receiver designed in this paper should be close to this ideal
result. The test schematic and the simulation results are shown in Fig. 2. The device exhibits high current
drive capability, with the drain-source voltage (Vpg) ranging from -2.5 V to 2.5 V; this clearly
demonstrates the typical behavior of FETs in the linear region. According to the datasheet [10], the device
operates normally at a threshold voltage ((V;=-3 V)), which can be inferred from the saturation region
(where (Vps=10 M) and (Ipg=3.6 mA)). In the saturation region, the drain-source current (/)
increases as the gate-source voltage (V;g) increases.
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Fig. 2 Commercial HEMT testing schematic and results

4. HEMT Modeling for Terahertz Receivers

To achieve terahertz detection, this project first defined the parameters of the detector. Key
characteristics of terahertz detectors include frequency range, noise level, responsivity, linearity, response
time, coherence, and polarization sensitivity. Since this project focuses on building a suitable model for
the detector, it begins with the validation of a commercial HEMT model as a control group. Finally,
thermal and pulse detectors were used to evaluate the performance of the final-stage GaN detectors, as
these detectors can detect broader broadband signals than other types.

The commercial HEMT used in this paper is the CG2H40010F from Wolfspeed. By measuring the
induced voltage of the device under its operating voltage, an ideal induced voltage curve was obtained.
The performance and effectiveness of the receiver designed in this paper should be close to this ideal
result. The test schematic and the simulation results are shown in Fig. 2. The device exhibits high current
drive capability, with the drain-source voltage Vps ranging from -2.5 V to 2.5 V; this clearly
demonstrates the typical behavior of FETs in the linear region. According to the datasheet, the device
operates normally at a threshold voltage (V;;, = —3 V), which can be inferred from the saturation region
(where Vps =10 V and Ips = 3.6 mA). In the saturation region, the drain-source current Ipg
increases as the gate-source voltage Vs increases.

5. Simulation Results Analysis

An important application of this project is the development of a wireless communication system with
a data rate exceeding 10 Gb/s. Typically, a wireless communication system includes at least a transmit
antenna and a receive antenna. A common formula used to calculate transmit power and receive power
in a transmission system is the Friis transmission formula. In the Friis transmission formula [11]:

P;GrGpi?
Pr=—————
(47R)

(G1) represents the transmit antenna gain, (Gg) represents the receive antenna gain (note: the
original text mentioned "receive antenna loss," which is corrected here to align with the Friis formula),
(Pr) is the transmit power, (Pg) is the receive power, (L) is the wavelength of the signal, and (R) is
the distance between the transmit and receive antennas. From the Friis formula, it can be inferred that if
the loss of the receive antenna is reduced, the received signal power increases. The main objective of
developing the receive system is to improve the received power level and the detector’s responsivity,
while maintaining satisfactory speed and noise levels.

By analyzing the radio frequency (RF) response of the HEMT, the simulation model can deduce the
main operating frequency range of the plasma. The device will exhibit optimal performance when the
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antenna resonates with the eigenfrequency of the plasma. However, due to the simplification of physical
equations, the calculations may not be as accurate as the performance of actual devices; thus, multiple
computer simulations and parameter corrections were also considered. Another challenge in performance
optimization is the trade-off between different characteristics: some improvements in responsivity may
increase costs. For example, the use of asymmetric antennas increases both cost and chip area.

In this paper, the butterfly antenna was selected as the final designed structure; the S-parameters
model of the antenna was exported as a data file and imported into AWR for circuit simulation. The
resulting circuit diagram is shown in Fig. 3.

The HEMT model used in this circuit diagram is the advanced Angelov HEMT model, and its
equivalent circuit diagram is shown below. The advanced Angelov model provides a single entry point
for multiple versions of the well-known Angelov/Zirath/Rorsman (or Chalmers) model and its derived
versions (Fig. 4).
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Fig. 3 Schematic using to simulate the responsivity and NEP

AWR currently supports four different versions of this model. The original version corresponds to the
Chalmers model, with all recent updates focusing on supporting GaN FETs [10]. The second and third
versions are implementations of the Angelov model for ADS (Advanced Design System), as described
in the equations provided in the ADS documentation. The third version of the model (Fig. 5) is an
improvement over the second version, incorporating additional modifications to enhance compatibility
with the ADS model version.
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Fig. 4 Original version of angelov model — Chalmers model
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Fig. 5 Third version of angelov model
5.1. Responsivity

In this experiment, the input AC signal current was varied. Due to antenna attenuation, the voltage of
the terahertz wave entering the HEMT source changed with the AC current. The source voltage
waveforms under different currents are shown in Fig. 6. Different bias voltages generate 2DEG
resonators of different sizes; the DC voltages generated by resonating with different input terahertz waves
are also shown in Fig. 6. The response waveform was derived using the relevant formula, as shown in
Fig. 7. At 3.9 THz, the responsivity ranges from (10%) to (1.5x10%) V/W (or A/W, depending on the
type of responsivity). This result is consistent with the findings of a study on room-temperature GaN
terahertz detectors[11].

Responsivity |Eqn(Res)|
20000 Responsivity.SF_SPEC

10000

5000

Voltage (V)

Fig. 6 Calculated Responsivity under bias from 0.5V to 2V

5.2. Noise Equivalent Power

The noise equivalent power (NEP) was calculated using the root mean square equation:

1 T2 5
Virms= T, [ f(t)]"dt

T

At a given modulation frequency, wavelength, and effective noise bandwidth, the radiant power
produces a signal-to-noise ratio (SNR) per unit power at the output of the detector.

In this case, the unit power is 2.4; thus, the NEP ranges from (1 x10™) to (4x10° WA/Hz) at 3.9
THz, as shown in Fig. 7.
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6. Conclusions

Fig. 7 Calculated NEP from 0.5V to 2V

Using the advanced Angelov HEMT model, the design results are in good agreement with predictions
from a review of terahertz detectors, indicating that this device is suitable for engineering applications.

The main disadvantage of the current terahertz receiver is the small magnitude of the induced current.
Since the required size of the 2DEG sensing cavity is on the nano-meter scale, the bias voltage must be
controlled at a small amplitude. As a result, the source's input amplitude is prone to saturation, and the
induced-voltage amplitude is correspondingly small as shown in Fig. 8. Currently, the resonant cavity
operates at the zero point of resonance divergence; as the bias voltage decreases, the cross-sectional area
of the 2DEG induction cavity decreases as well, thereby reducing the dissipation of resonant waves.
However, if the bias voltage is too small, the induced voltage becomes excessively small—causing the
noise of the amplifier circuit to affect the noise immunity of the entire system when the voltage is

amplified.
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Fig. 8 Input AC and voltage and indicted DC voltage
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