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Design of an RTD-Integrated Slot Antenna for THz Oscillators
Xiuting Shi

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

Terahertz (THz) oscillators are key components for future high-speed wireless com-
munication systems, imaging, spectroscopy, and sensing applications. Resonant
tunneling diodes (RTDs) are attractive THz sources due to their compact size, sim-
ple structure, and ability to generate oscillations at frequencies beyond the limits of
conventional transistor technologies. To enable compact and easily integrated tera-
hertz sources, RTDs are commonly combined with antenna structures that directly
radiate the generated THz signals.

This thesis presents the design and analysis of an RTD-integrated slot antenna os-
cillator operating near 650 GHz. An equivalent-circuit-based methodology is first
employed to estimate the antenna dimensions from the RTD admittance characteris-
tics. The slot antenna is then analysed using full-wave electromagnetic simulations,
and its admittance is combined with a nonlinear RTD model. Oscillation conditions
are evaluated through small-signal admittance analysis, while harmonic balance and
transient simulations are used to verify large-signal oscillation behaviour. A com-
plete oscillator model including parasitic elements and finite substrate effects is
subsequently developed, followed by geometry optimisation of the slot antenna.
The results show that the substrate primarily affects the real part of the oscillator
admittance, while the imaginary part remains largely unchanged. Consequently,
the oscillation frequency is preserved, whereas the output power is reduced due to
decreased radiation efficiency. The optimised design achieves stable oscillation at
approximately 646 GHz with an estimated radiated power of approximately 80 W
using a 0.49 um? RTD. The slot antenna exhibits a radiation efficiency of approx-
imately 62%, and a peak directivity of approximately 6.8 dB without the use of a
dielectric lens. The predicted radiated power is within the range reported for RTD
oscillators operating in this frequency regime, although below the highest power
reported for multi-element array implementations.

Keywords: resonant tunneling diode, terahertz oscillator, slot antenna, nonlinear
circuit simulation, THz source
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Nomenclature

Below is the nomenclature of symbols and parameters used throughout this thesis.
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Electron charge
Effective electron mass
Boltzmann constant
Reduced Planck constant
Emitter Fermi energy
Resonant energy level
Resonance width
Transmission coefficient
Current density
Admittance
Conductance
Susceptance

RTD admittance

RTD conductance

RTD susceptance

RTD capacitance
Antenna admittance
Antenna conductance
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B, Antenna susceptance
G, Radiation conductance
G, Ohmic loss conductance
S RTD mesa area

deof Effective thickness of the RTD active region

€0 Vacuum permittivity

Ep Relative permittivity

fose Fundamental Oscillation frequency

Pt Output power
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1

Introduction

The Terahertz (THz) frequency range, typically defined between 0.3 THz and 10 THz,
has attracted significant attention due to its unique properties and wide range of
applications. These include high-speed wireless communication, spectroscopy, imag-
ing, and sensing. In particular, THz radiation is capable of penetrating many non-
metallic materials while maintaining relatively high spatial resolution, owing to its
low absorption in many dielectric media and its shorter wavelength compared to
microwave radiation [1]. In addition, measurements of molecular spectral lines at
sub-millimetre wavelengths provide valuable information for atmospheric science,
chemistry, and astronomy [2]. Despite this strong application potential, the devel-
opment of compact and efficient THz systems remains a major challenge.

One of the main limitations is the lack of practical THz sources, often referred
to as the “terahertz gap” [2]. Existing approaches to generate THz radiation can
broadly be divided into photonic and electronic methods. Photonic sources, such
as quantum cascade lasers (QCLs), can achieve high output power and operate at
very high frequencies due to their intersubband transition mechanism and cascade
structure, which allow flexible frequency design and efficient photon generation [3].
However, these systems often require complex fabrication processes and, in many
cases, cryogenic cooling to achieve optimal performance, which increases system
complexity and size [3]. Another photonic approach is based on photomixing in uni-
travelling-carrier photodiodes (UTC-PDs), where two optical tones are combined
to generate a THz signal [4]. These devices offer wide frequency tunability and
can be readily integrated with optical fibre systems. However, they typically require
external laser sources and additional optical components, which increases the overall
system complexity and limits the level of integration achievable in compact THz
transmitters [4].

Electronic approaches, such as transistor-based frequency multipliers and oscillators,
offer better compatibility with integrated circuits and room temperature operation.
However, their performance degrades at very high frequencies due to carrier transit
time limitations and parasitic effects [5]. This restricts their operation in the upper
THz range and motivates the exploration of alternative device technologies.
Resonant tunneling diodes (RTDs) are considered promising candidates for compact
THz sources. Due to their negative differential conductance (NDC) and their fast
dynamics, RTDs can operate as active devices in oscillator circuits at very high
frequencies [6, 7]. Experimental studies have demonstrated room-temperature os-
cillation of RTDs at frequencies approaching 2 THz, highlighting their potential for
compact terahertz sources [7]. In addition, RTD oscillators can be designed with a
a simple planar structure and are well suited for on-chip integration [8].
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In RTD-based oscillators, the antenna plays a dual role. It not only radiates elec-
tromagnetic energy but also forms part of the resonant circuit. From a circuit
perspective, the antenna contributes to the total admittance seen by the RTD. Its
conductive component represents radiation loss, which must be compensated by
the negative differential conductance of the RTD, while its reactive component par-
ticipates in forming the resonance condition of the oscillator [9]. As a result, the
performance of the oscillator strongly depends on the interaction between the device
and the antenna, and as such they must be co-designed [10].

Among various antenna types, the choice of radiator plays a critical role in deter-
mining the performance and integration capability of THz sources. High-gain anten-
nas, such as parabolic reflectors, can significantly improve radiation directivity and
output power. However, they are inherently bulky and require precise alignment,
making them unsuitable for compact and scalable on-chip implementations [11].
Classical dipole antennas represent one of the earliest approaches for integrating
antennas with RTD-based sources. Printed microstrip dipoles can be directly fab-
ricated on semiconductor substrates and combined with RTDs to form integrated
antenna systems [12]. In such configurations, the dipole antenna can be modeled as
a series RLC resonator, allowing the overall RTD-antenna system to be analyzed us-
ing equivalent circuit methods [12]. However, dipole antennas typically exhibit low
radiation gain and require dimensions comparable to the wavelength, which limits
their efficiency and scalability at terahertz frequencies.

Planar antennas offer superior compatibility with integrated circuits and have been
widely explored for THz sources. For example, RTD-based active antenna arrays
employing integrated patch antennas have demonstrated improved radiation power
and directivity through coherent power combining [13]. However, such patch an-
tenna array architectures typically require multiple antenna elements and coupling
networks, increasing design complexity and system overhead.

In contrast, slot antennas are particularly suitable for integration with RTDs due to
their planar geometry and compatibility with standard microfabrication processes.
They can be directly implemented in metal layers and easily integrated with trans-
mission lines and device structures [14, 15]. From a circuit perspective, the slot
antenna behaves as a resonant element whose admittance can be tailored through
its geometry, enabling control of the effective load seen by the RTD [16].

Recent studies have demonstrated continuous progress in improving the output
power of RTD-based THz oscillators through antenna optimization and coherent
power-combining techniques. Reported output powers range from several tens of
microwatts for single-device oscillators to the milliwatt level for coherent RTD ar-
rays. A summary of representative RTD THz oscillators reported in the literature
is given in Table 1.1.

While large-scale coherent arrays can achieve significantly higher output power,
single-device oscillators remain attractive due to their compact size, simple structure,
and ease of integration. Consequently, improving the interaction between the RTD
and the antenna remains an important research topic for compact THz sources.
Despite previous studies demonstrating the feasibility of RTD-based oscillators with
slot antennas [10], several challenges remain. Most reported designs focus on rel-
atively lower frequencies, typically below 500 GHz. At higher frequencies, such as
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Table 1.1: Representative RTD-based THz oscillators reported in the literature.

Ref. Antenna No. of RTDs Frequency Output Power
[13] Patch Array 72 0.45 THz 11.8 mW
[16] Slot 1 0.368 THz 0.082 mW
[17] Slot 2 0.62 THz 0.61 mW
18] CPW + Patch 1 0.60 THz 0.0l mW
[19] Slot Array 2 0.53 THz 0.77 mW
This thesis Slot 1 0.646 THz 0.08 mW*

*Estimated radiated power obtained from simulation.

above 600 GHz, the wavelength becomes significantly shorter, and the device and
antenna dimensions approach deep sub-wavelength scales. In this regime, small geo-
metric variations can lead to large changes in the antenna admittance and therefore
directly affect the oscillation behavior [16]. Furthermore, the interaction between
antenna parameters, device admittance, and oscillation conditions is not yet fully
understood, and systematic design approaches are still limited.

This thesis focuses on the design and analysis of a slot antenna integrated with a
resonant tunneling diode (RTD) for terahertz oscillation around 650 GHz. The main
objective is to investigate how the geometry of the slot antenna, in particular its
length and width, influences the admittance seen by the RTD and, consequently,
the oscillation behavior of the system. Based on this understanding, the goal is to
achieve stable oscillation with practical output power at the target frequency.

The overall oscillator topology adopted in this thesis is based on the symmetrical
slot-antenna RTD oscillator reported by Nguyen et al. [16]. This work serves as
the starting point for the present study. Building upon this design, the antenna
geometry, electromagnetic model, parasitic structures, and oscillator performance
are systematically re-investigated and optimized for operation around 650 GHz.
To achieve this, a multi-domain modeling approach is adopted, combining electro-
magnetic simulations, device-level modeling, and circuit-level analysis. Full-wave
simulations are first used to extract the antenna admittance, while the RTD is mod-
eled based on its current—voltage characteristics. These models are then integrated
into circuit-level simulations to evaluate the oscillation condition and steady-state
behaviour.

In addition, more realistic device structures are considered by introducing the device
geometry and bias network. The parasitic effects introduced by these structures are
incorporated into the model and analyzed in terms of their impact on the overall
admittance and oscillator performance. The influence of key antenna parameters,
such as slot length and width, on both the admittance and radiation performance
is systematically studied.

This thesis is structured in such a way that Chapter 2 presents the theoretical back-
ground, including the electrical characteristics of resonant tunneling diodes and the
oscillation condition of negative resistance circuits. Chapter 3 describes the modeling
approach and design methodology for the antenna and oscillator system. Chapter
4 presents the simulation results and analysis. Finally, Chapter 5 summarizes the
conclusions and discusses possible directions for future work.
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2

Theory

2.1 Resonant Tunneling Diode

2.1.1 Structure of Resonant Tunneling Diodes

A resonant tunneling diode (RTD) is a quantum device based on a double-barrier
heterostructure [20], typically consisting of two thin potential barriers separated
by a quantum well region [8], as illustrated in Fig. 2.1. The layer structure used
in this work follows the RTD design reported by Asada et al. [8]. This structure
enables resonant tunneling of carriers through discrete energy states confined in the
quantum well.

Electrode (Au)
----------- 30nm nt+-InGaAs
Collector | 5-6121-11--“ n-InGaAs
" Collector spacer: 5nm | u-InGaAs
" Barrier: 15nm AlAs
RTD 4 7 Well:450m | InGaAs
" Barrier: L5nm AlAs

Emitter spacer: Snm u-InGaAs

Emitter 50nm n-InGaAs

n+-InGaAs li
400nm Electrode (Au)

InP substrate

Figure 2.1: Schematic layer structure of the InGaAs/AlAs resonant tunneling
diode (RTD) used in this work, following the same structure in Asada group.

When a bias voltage is applied, electrons incident from the emitter can tunnel
through the double-barrier structure when their energy aligns with the quantized
energy level in the quantum well. Under this resonant condition, constructive in-
terference of the electron wave function inside the well leads to a significantly en-
hanced transmission probability [21]. This energy-selective transport is a key feature
of RTDs and distinguishes them from conventional semiconductor devices such as
pn-junction diodes or field-effect transistors, where carrier transport is primarily
governed by drift and diffusion mechanisms rather than quantum tunneling. The
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formation of quantized energy states in the quantum well arises from spatial con-
finement at nanometer-scale dimensions, which can be precisely controlled using
epitaxial growth techniques such as molecular beam epitaxy (MBE). Typically, the
barrier thickness is on the order of one nanometers, allowing strong quantum con-
finement and efficient tunneling.
Modern RTDs for terahertz applications are commonly realized in material systems
such as InGaAs/AlAs or InAs/AlSb, which offer high electron mobility and favorable
band alignment for high-speed operation [22], while GaN-based RTDs have also been
investigated due to their potential for higher power handling and improved thermal
robustness. However, their demonstrated oscillation frequencies remain much lower
than those of InGaAs-based RTD oscillators [23]. The choice of material system
significantly influences key device parameters, including peak current density and
peak-to-valley current ratio (PVCR), which are critical for oscillator performance.
In addition to the material system, the structural design of the RTD strongly in-
fluences its electrical and high-frequency characteristics [8]. Parameters such as
the quantum well width, barrier thickness, and indium composition determine the
quantized energy levels and band alignment, thereby affecting the resonant tunneling
condition and the peak-to-valley current ratio (PVCR). The resonant energy levels
inside the quantum well are approximately determined by the well width according
to

n2h?
8m*L2’
where L, is the quantum well width and m* is the effective electron mass. A
narrower quantum well increases the separation between the quantized energy levels
and can influence the resonant tunneling characteristics of the device.
Spacer layers are introduced between the active region and the highly doped contact
layers to reduce carrier scattering and leakage currents. The collector spacer thick-
ness also affects the depletion capacitance and carrier transit time. Increasing the
spacer thickness generally reduces the geometrical capacitance, which can increase
the oscillation frequency. However, excessively thick spacer layers increase the car-
rier transit time and may degrade the high-frequency performance. The lateral area
of the RTD also plays an important role in determining the device capacitance and
current handling capability. The RTD capacitance mainly arises from charge stor-
age across the double-barrier heterostructure and the depletion region of the active
layers. A first-order approximation is the geometrical capacitance,

es
7
where S is the RTD area and d is the effective thickness of the active region. This
relation shows that reducing the RTD area lowers the capacitance and therefore
enables higher oscillation frequencies. However, smaller RTD areas also reduce the
output current and output power. In addition to the geometrical capacitance, the
effective RTD capacitance also includes contributions associated with charge accu-
mulation in the quantum well and tunneling-delay effects inside the double-barrier
structure [8]. Ohmic contacts and highly doped contact layers introduce additional
parasitic resistance and capacitance, which strongly influence the oscillation fre-
quency, impedance matching, and high-frequency performance of terahertz RTD

B, = (2.1)

Co = (2.2)

6
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oscillators. Therefore, careful optimization of both the RTD structure and parasitic
elements is essential for achieving efficient terahertz operation.

2.1.2 Current—Voltage Characteristics and Negative Differ-
ential Conductance

The current-voltage (I-V) characteristic is one of the most important properties
of a resonant tunneling diode (RTD). The negative differential conductance (NDC)
arising from resonant tunneling has enabled the use of RTDs as high-frequency
oscillators since the early demonstrations of quantum-well oscillators [24]. A typical
RTD I-V curve contains a peak current, a valley current, and a negative differential
conductance (NDC) region, as shown in Fig. 2.2. In the NDC region, the current
decreases as the applied voltage increases. The differential conductance is:

i

G=—.
av

(2.3)
A negative conductance is the key device property that enables RTDs to compensate
circuit losses and sustain oscillation.

The origin of the RTD I-V characteristic can be understood from quantum tunneling
through the double-barrier quantum well. A physics-based analytical expression for
the RTD current was proposed by Schulman et al. [25]. The model starts from
the effective-mass expression for the current density through a resonant tunneling
structure,

14 exp (E;B}E )
1+ exp (7EF;§T_6V)

g kgT /00
= T(E, V)1
/ 2m2h3 Jo (E,V)In

where ¢ is the electron charge, m* is the effective electron mass, kg is the Boltzmann
constant, 1" is the temperature, A is the reduced Planck constant, Er is the emitter
Fermi energy, and T'(F, V) is the energy- and voltage-dependent transmission coef-
ficient. Near a resonant state, the transmission coefficient can be approximated by
a Lorentzian function,

dE, (2.4)

T(E,V) = L/ 2)22 : (2.5)
B - (B — )] +(1/2)

where FE, is the resonant energy level and I is the resonance width. The Lorentzian
form represents the resonant shape of the transmission coefficient, where electrons
tunnel with the highest probability when their energy is aligned with the quasi-
bound state in the quantum well.

For a narrow resonance, the transmission coefficient is significant only close to the
resonant energy. This allows the slowly varying logarithmic term in Eq. (2.4) to
be evaluated near the resonant energy and taken outside the integral. After inte-
gration of the Lorentzian term, Schulman et al. obtained a compact expression for
the resonant tunneling current density. In practical circuit modeling, the physical
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quantities are written as fitting parameters, giving

[;T + tan™" (C’—'gzﬂ/)] : (2.6)

1+ exp (7(372;731‘/)6)

B—C—an)e)

(V)= Aln
1+ exp (( k5T

In Eq. (2.6), J1(V) is the resonant tunneling contribution. The parameter A is a
scaling factor related to the tunneling strength and device area. The parameters
B and C are related to the emitter Fermi energy and the resonant energy posi-
tion, respectively. The parameter D represents the resonance broadening, while n;
describes how the applied voltage shifts the resonant level. The logarithmic fac-
tor describes the difference in carrier occupation between the emitter and collector,
while the arctangent term comes from the Lorentzian transmission probability of
the quasi-bound state. The resonant component .J;(V') produces the peak current
and the NDC region, but it does not describe the increasing valley current at higher
voltage. To include this contribution, Schulman et al. introduced a background
current term in the form

(V) =H {eXp (722;;/) - 1] , (2.7)

where H controls the magnitude of the background current and ns is a voltage scaling
factor. This term represents non-resonant transport mechanisms, such as tunneling
through higher-energy channels or thermally assisted transport, which become more
important after the valley region.The total current density is then written as

JV)=L(V)+ J((V). (2.8)

For a device with active area S, the total current can be obtained as

(V)= SJ(V). (2.9)
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Figure 2.2: Simulated current-voltage (I-V) characteristic of the RTD based on
the physics-based analytical model using in this work.
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In this thesis, the same functional form is used to fit a measured RTD I-V charac-
teristic in order to extract the NDC region for circuit-level oscillator modeling. The
simulated I-V curve used in this work is shown in Fig. 2.2. When the RTD is biased
in the NDC region and integrated with an antenna or resonant circuit, the negative
differential conductance can compensate for circuit then enable oscillation.

The maximum output power under the impedance-matching condition can be esti-
mated as [9]

Pout max = iA[AV, (2.10)
’ 16
where Al and AV are the current and voltage widths between the peak and valley

points of the RTD I-V curve.

2.2 Antenna

In high-frequency circuit design, antennas can be described not only as radiating
elements but also as frequency-dependent circuit components. In this work, the
antenna is directly connected to the RTD and forms part of the oscillator circuit.
From a circuit perspective, an antenna is characterized by its input impedance Z =
R+ 7 X, or equivalently by its admittance Y = G+ B [14, 15]. The conductance, G,
represents power dissipation including both radiation and ohmic losses and must be
compensated by the negative differential conductance of the RTD. The susceptance,
B, corresponds to reactive energy stored in the near field and contributes to the
resonant condition. Therefore, the antenna is treated as a frequency-dependent
load whose admittance plays a key role in determining the oscillation behavior.

2.2.1 Slot Antenna Characteristics

A slot antenna consists of an aperture etched in a conductive surface and operates
as a resonant radiating structure. According to Babinet’s principle, a slot antenna
can be considered complementary to a dipole antenna, with similar radiation char-
acteristics but different current distributions [15]. A typical slot antenna consists of
a narrow rectangular aperture etched in a metallic layer, as illustrated in Fig. 2.3.
When excited, the slot supports resonant electromagnetic fields and radiates elec-
tromagnetic waves into free space.

=/

Figure 2.3: Basic structure of a slot antenna consisting of a rectangular aperture
in a conductive surface.
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From a circuit point of view, the slot antenna can be modeled as a frequency-
dependent admittance connected to the RTD oscillator circuit [16]. The input ad-
mittance of the slot antenna is influenced by geometric parameters such as the slot
length and width, as well as by the effective wavelength in the surrounding medium.
Based on the analytical expressions reported in [16], the antenna conductance and
susceptance exhibit different dependencies on the slot dimensions. Both the con-
ductance and susceptance vary with the slot dimensions. Therefore, variations in
the slot dimensions modify the admittance presented to the RTD.

As will be described in section 2.3, the oscillation frequency of an RTD-based os-
cillator is determined by the balance between the antenna and RTD susceptance,
and when it reaches the resonant condition. Consequently, the slot dimensions shift
the frequency at which the oscillation occurs. In addition to that, the slot antenna
also determines the radiation characteristics of the oscillator, including the radia-
tion efficiency, directivity, and gain. Although the antenna admittance is critical for
satisfying the oscillation condition, efficient radiation is also required to effectively
couple the generated power into free space. Therefore, both the input admittance
and radiation performance must be considered in the design of terahertz RTD slot
antennas.

2.3 Oscillation Condition and Equivalent Circuit

An oscillator is a circuit that generates a periodic signal without an external RF
input. In an RTD-based oscillator, the active device is the resonant tunneling diode,
which provides negative differential conductance when it is biased in the NDC re-
gion. This negative conductance can compensate for the losses of the surrounding
resonant circuit and sustain oscillation [9, 16]. The use of negative-resistance de-
vices for microwave and millimeter-wave oscillators has been studied since the early
development of tunnel-diode oscillators [26].

From an admittance point of view, oscillation is determined by the total admittance
seen by the RTD. For steady-state oscillation, the reactive part of the total ad-
mittance must be cancelled, while the real part must satisfy the loss compensation
condition.

In this thesis, the oscillator is analyzed using this admittance-based approach, which
the antenna is represented by its input admittance, while the RTD is represented
by its negative differential conductance and capacitance. This representation is
convenient because both the antenna and RTD are connected in parallel in the
small-signal equivalent circuit.

2.3.1 Simplified Equivalent Circuit

A simplified small-signal equivalent circuit of the RTD-integrated slot antenna os-
cillator is shown in Fig. 2.4.

In this model, the RTD is represented by a negative conductance and a capacitance,
while the antenna is represented by its input admittance,

Y, = G, + jBa. (2.11)

10
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RTD Antenna Y, =l Gy + B,
'_l_| r 1
Grrp Crrp = Cpar T Lane Gy Gy
l—'_l l—'_l
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Figure 2.4: Simplified equivalent circuit of an RTD-integrated slot antenna oscil-
lator. The RTD is modeled by its negative conductance and capacitance, while the
antenna is represented by a frequency-dependent admittance consisting of conduc-
tance and susceptance components.

The real part of the antenna admittance, G, represents the total antenna loss. It
consists of the radiation conductance GG, and the ohmic loss conductance Gy,

G.=G, +G,. (2.12)

Here, GG, describes the power radiated into free space, while GG; represents the power
dissipated as conductor and material losses.
The imaginary part of the antenna admittance, B,, represents the reactive energy
stored by the antenna structure. In the simplified circuit, this reactive part is
described by an antenna inductance L,,; and a parasitic capacitance Cpq. The
capacitance Cp,, represents the electric-field storage associated with the antenna
structure, such as the field between the slot edges and between the metal layer and
the surrounding substrate. These lumped elements are not separate physical com-
ponents, but a simplified equivalent representation of the antenna reactive behavior
near the operating frequency.
Using the small-signal RTD model introduced in Section 2.1.1, the RTD admittance
can be written as

Yrrp = Grrp + JwCrrD, (2.13)

where Ggrrp is the RTD differential conductance, which becomes negative in the
NDC region, and Cgrrp is the effective RTD capacitance. The RTD capacitance
originates from charge storage across the double-barrier heterostructure and con-
tributes to the reactive part of the oscillator admittance.

The simplified equivalent circuit therefore captures the essential interaction between
the RTD and the antenna: the RTD provides negative conductance, while the an-
tenna contributes radiation loss and reactive loading.

11
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2.3.2 Oscillation Condition

Based on the simplified equivalent circuit in Fig. 2.4, the RTD and the antenna are
connected in parallel. Using the admittance definitions introduced in the previous
section, the total admittance of the oscillator can be written as

Yiot = Yrrp + Yo (2.14)
With equation 2.11 and equation 2.13, the total admittance becomes
Yiot = (Ga + Grrp) + j (By + wCkTD) - (2.15)

The real part of the total admittance determines whether the negative conductance
of the RTD is sufficient to overcome the antenna losses. Therefore, the start-up
condition for oscillation can be written as

Re (ont) =G, + Grmp < 0. (2.16)

The imaginary part determines the resonance frequency, which occurs as the sus-
ceptance of the RTD and antenna cancel each other. This condition is given by

Im (Kot) = B, + wCgrtp = 0. (2.17)

In this admittance-based interpretation, the antenna geometry is designed to provide
an appropriate conductance and susceptance at the target frequency, while the RTD
provides the negative differential conductance required for oscillation.

As the oscillation amplitude increases, the voltage across the RTD swings through
the nonlinear NDC region. Due to the highly nonlinear shape the negative conduc-
tance changes, it can be regarded as bias dependant. The oscillation amplitude is
limited by the finite NDC region and by the circuit losses. Nevertheless, the small-
signal admittance conditions above are useful for identifying the frequency range
where oscillation can start and for guiding the slot antenna design.

The oscillation condition can be visualized by comparing the antenna admittance
with the RTD admittance, as shown in Fig. 2.5. An oscillation point is expected
near the frequency where the real-part condition and the imaginary-part cancellation
condition are satisfied simultaneously.

12
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Figure 2.5: Graphical illustration of the oscillation condition using the extracted
antenna admittance and RTD admittance. An oscillation point is expected near
the frequency where the real-part condition G, + Grrp < 0 and the imaginary-part
cancellation condition B, + wCgrrp = 0 are simultaneously satisfied.

2.3.3 Extended Equivalent Circuit Including Parasitics

In practical implementations, additional parasitic elements are introduced by the
device structure, interconnects, and fabrication layout. A more complete equivalent
circuit of the RTD-integrated antenna oscillator is shown in Fig. 2.6.

Compared to the simplified model, the extended circuit includes parasitic capaci-
tances and resistances that arise from the contact layers, overlap regions, and con-
necting structures between the RTD and the antenna. These elements form an
additional admittance contribution, which can be grouped as

Y, ~ Gy + jB,, (2.18)
where G, represents the parasitic loss and B, represents the additional reactive
loading.

The total admittance of the circuit can therefore be written as

Yiot = YrrDp + Yo + Y. (2.19)

The parasitic capacitance C. mainly originates from the overlap between metal lay-
ers and contact regions, while the series resistances R, and R, represent the finite
conductivity of the metal interconnects and spreading resistance in the semiconduc-
tor layers. These parasitic elements modify both the real and imaginary parts of the
total admittance.

In particular, the additional susceptance introduced by the parasitic capacitance
shifts the imaginary part of the total admittance, which changes the frequency at

which the condition
Im(Yiet) = 0 (2.20)

is satisfied. Depending on their configuration, parasitic resistances can modify the
effective conductance of the system, but in all cases they introduce additional losses
that must be compensated by the RTD negative differential conductance.

13
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Figure 2.6: Extended equivalent circuit of the RT'D-integrated slot antenna oscilla-
tor including parasitic elements. The parasitic capacitance and resistance introduce
additional admittance that modifies the oscillation condition.

As a result, parasitic elements can significantly affect both the oscillation frequency
and the start-up condition of the oscillator. Therefore, they must be included in the
circuit model for accurate prediction of the oscillation behavior.

However, due to the complex three-dimensional geometry of the RTD-integrated slot
antenna oscillator, including the metal interconnects, dielectric layers, air bridge,
and semiconductor contact regions, analytical approximations alone are not suffi-
cient to accurately describe the electromagnetic behavior and parasitic contributions
of the structure. Therefore, full-wave electromagnetic simulations are employed in
this work using Ansys HFSS to extract the admittance characteristics and para-
sitic effects of the oscillator structure. The extracted results are then used for the
subsequent nonlinear circuit analysis in ADS.
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Methods

3.1 Overall design methodology

The design of the RTD-integrated slot antenna oscillator was carried out using
a multi-stage methodology combining analytical estimation, electromagnetic sim-
ulation, and nonlinear circuit analysis. The overall workflow used in this work is
illustrated in Fig. 3.1.

[RTD modelling ]

|

( A

Initial analytical slot estimation

!

4 N\
Simplified EM oscillator model
(RTD + slot antenna)

!

[Admittance extraction & oscillation Veriﬁcation]

!

[ Complete oscillator model ]

\

including parasitics

!

S-parameter analysis
&
Harmonic balance analysis
&

Transient analysis

[Oscillation analysis ]

Figure 3.1: Overall design methodology used for the RTD slot-antenna oscillator.

First, the RTD was represented by the nonlinear current-voltage model and the
capacitance model introduced in Section 2.1. The model was used to describe the
negative differential conductance and capacitive contribution of the RTD, which are
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required for the oscillator design.

The initial slot antenna geometry was then estimated using the maximum-output-
power design approach reported in [16]. This approach is based on a simplified
slot-antenna RTD oscillator model, where the relation between slot dimensions and
output power is described through the radiation conductance, ohmic loss, and an-
tenna susceptance. Since the analytical relations are derived under short-slot and
simplified parasitic-free assumptions, they were used only to obtain a starting ge-
ometry for the subsequent full-wave design.

After the initial geometry was obtained, a simplified oscillator model consisting
of the RTD and slot antenna was analysed. This stage was used to evaluate the
antenna admittance and to verify whether the basic oscillation requirements could
be satisfied before additional parasitic elements were included.

The oscillator model was then extended to include the complete device structure,
including the electrode geometry, air bridge, dielectric region, semiconductor layers,
and other parasitic contributions. The complete electromagnetic model was com-
bined with circuit-level analysis to evaluate the overall oscillator admittance and
nonlinear oscillation behaviour. Then, harmonic balance analysis was performed
to determine the oscillation frequency, output power, and bias-dependent oscilla-
tor characteristics. This step-by-step methodology allowed the design to progress
from an initial analytical estimate to a more realistic full-device model. Finally,
transient simulations were performed using the complete oscillator model. Unlike
harmonic balance analysis, which directly computes the steady-state solution, tran-
sient analysis captures the start-up behaviour of the oscillator in the time domain.
The transient results were used to verify the oscillation frequency predicted by har-
monic balance simulations and to investigate the possible existence of alternative
oscillation modes over a broader frequency range. Since the exported antenna ad-
mittance data covered a wide frequency range from 1 THz to 2 THz, the transient
analysis also served as an additional validation that no unintended low-frequency
or high-frequency oscillation modes dominated the circuit. The agreement between
harmonic balance and transient simulations provided further confidence in the pre-
dicted oscillation behaviour.

3.2 RTD nonlinear model

3.2.1 I-V curve fitting

The RTD model used in this work was based on the physics-based analytical current—
voltage model introduced in Section 2.1.2 and originally proposed by Schulman et
al. [25].

The fitting parameters used in this work were obtained from experimentally mea-
sured RTD characteristics provided by Christoffer Johansson, Gabriel Josefsson at
the Terahertz and Millimetre Wave Laboratory. Using the analytical model de-
scribed in Chapter 2, the measured RTD current—voltage characteristics were fitted
to obtain a compact nonlinear model suitable for circuit-level oscillator simulations.
The fitted RTD current was expressed as
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I(V) =0.001 | Aln 1 +exp <(B—C+n1V)%)
= 0. 1+exp((B_C—n1V)ﬁ>
T 4 (C—nV
X (2+tan (D)> o)

H —1) .
" (eXp ( kT
where the fitting coefficients are listed in Table 3.1, and the fitted model includes

a scaling factor of 0.001 to express the output current in amperes rather than mil-
liamperes. The RTD mesa area used in this work was 0.49 pum?.

Table 3.1: Fitting parameters used for the RTD -V model.

Parameter Value
A 1.4360
B 2.228x1074
C 0.1199
D 0.00475
nq 0.05744
H 0.00135
o 0.05643
T 300 K

The resulting fitted [-V curve is shown in Fig. 2.2. Using the maximum output power
estimate introduced in Eq. (2.10), the available output power can be calculated from
the extracted peak and valley values as

Prt.max & 128 iW. (3.2)

This value represents the theoretical maximum available output power of the RTD
based on the fitted I-V characteristic and serves as an upper bound for the oscillator
performance.

3.2.2 RTD model

For the oscillator analysis, the fitted nonlinear [-V model was converted into a
bias-dependent admittance model. As introduced in Section 2.3.2, the RTD was
represented by a differential conductance in parallel with a junction capacitance.
The structure of the RTD used in this work is shown in Fig. 2.1.

The RTD capacitance was estimated using a parallel-plate approximation,

€0rS

deff ’
where £y is the vacuum permittivity, €, is the relative permittivity of the RTD
material system, S is the RTD mesa area, and deg is the effective thickness of the
active region. The mesa area used in this work was

CRTD = (33)

17



3. Methods

S = 0.49 pm?. (3.4)

The effective thickness was taken as the sum of the emitter spacer, double-barrier
quantum well region, and collector spacer,

der = 17.5 nm. (3.5)

Using e, = 12.4[14] gives

CRTD ~ 3 {F. (36)

Therefore, a constant capacitance of Crrp = 3 fF was used in the subsequent oscil-
lator simulations.

In oscillator operation, the instantaneous RTD voltage consists of a DC bias com-
ponent and a time-varying AC component, which can generally be expressed as

V(t) = Vbc + Vac cos(wt), (3.7)

where Vpc is the applied bias voltage and V¢ is the oscillation amplitude. The
RTD differential conductance was obtained from the slope of the fitted I-V curve,

Grern (V) = C”d(‘l/).
Since the I-V model is nonlinear, Grrp is bias dependent. In the negative differential
conductance region, the slope of the I-V curve becomes negative, giving Grrp < 0.
This negative conductance is the gain mechanism that compensates for the antenna

and circuit losses.
Based on Eq. (2.12), the RTD admittance can therefore be written as

(3.8)

Yrrp(V,w) = Grrp(V) + jwCrrp, (3.9)
or, using the capacitance value used in this work,
_div) . 15
Yerp(Viw) = = + juw (3x107%%). (3.10)

This admittance model was subsequently used in the oscillator analysis and circuit-
level simulations.

3.3 Initial Slot Antenna Estimation

3.3.1 Analytical estimation of initial slot dimensions

The initial slot antenna dimensions were estimated using the maximum-output-
power design method reported in [16]. This method is based on a simplified sym-
metrical slot-antenna RTD oscillator model, where the slot antenna is described
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by its radiation conductance, ohmic loss conductance, and susceptance. The aim
of this step was not to obtain the final antenna geometry directly, but to provide
a physically reasonable starting point for the subsequent full-wave electromagnetic
optimization.

In the simplified model, the additional parasitic admittance is neglected, so the
circuit admittance is approximated by the antenna admittance. The imaginary-part
oscillation condition introduced in Eq. (2.16) can then be written as

Ba + LUCRTD =0. (311)

Therefore, the required antenna susceptance at the target frequency is

Ba,target - _WORTD' (312)
For the target frequency of 650 GHz and Crrp = 3 fF,

Batarget = —1.23 x 1072 S, (3.13)

The optimization method in [16] is based on maximizing the oscillation amplitude of
the RTD by balancing the radiation and ohmic losses of the slot antenna. With the
RTD parasitics neglected, the output power can be written in the simplified form

P = ;GTAVQ(l —y)a(y), (3.14)

where G, is the radiation conductance,which is only one part of the total antenna
conductance G, as defined in Eq. (2.11). AV is the voltage separation between
the peak and valley points of the RTD I-V curve, and 7 describes the reduction
of the effective negative conductance under large-signal oscillation. And «a(v) is a
correction factor introduced to account for the waveform shape under large-signal
oscillation conditions.

v can be expressed as

Y =WIRTD — 5 (315)

where (7} is the ohmic loss conductance and mrrp is the RTD time constant.
The ohmic loss conductance can be approximately represented by an equivalent
series loss resistance R;, giving

G~ R, B2. (3.16)
Substituting Eq. (3.16) into Eq. (3.15) gives
G,

Y = WTRTD (B + RlBa) . (317)

The optimum susceptance is obtained by minimizing the term inside the bracket
with respect to By,

d (G, G
e (Ba +RIB,) = gt =0 (3.18)
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This gives

B? = Gr

a R[ :
Since the slot antenna is operated below its resonance, it behaves mainly as an
inductive element and B, is negative,

Gr
B, = —\/g. (3.20)

To relate this condition to the slot dimensions, the analytical approximations for a
short slot antenna reported in [16] were used. The radiation conductance is approx-
imated as

(3.19)

Go(l) = 2 (! 2 (3.21)
" B 3Zeﬁ )\eff ’ ‘
and the antenna susceptance is approximated as
4 In(l/w)—1
B, (l,w) = — . 3.22
) = = tan(nl ) (322)

Here, | and w are the slot length and width, respectively. The effective impedance
and effective wavelength are given by

Zo Ao
Lot = : Aeff = : 3.23
f \ Eeff f \/ Eeff ( )
with
s +1
P b (3.24)
2
For the InP substrate, e, ~ 12.4 [27], giving
cer = 6.7, A~ 178 um  at 650 GHz. (3.25)

The estimation was then carried out as follows. First, the target susceptance was set
by Eq. (3.13). Then, the optimum-loss condition in Eq. (3.20) was used to calculate
the required radiation conductance,

2
Gr,target = RZB

a,target"

(3.26)

The equivalent loss resistance R; was estimated from a preliminary simplified full-
wave antenna simulation with [ = 40 pym and w = 4 pm, giving approximately

R, ~ 6 Q. (3.27)
Using Eq. (3.21), the slot length can then be obtained from

3Z€ G?" arge
[ = Aeﬁ,/%. (3.28)
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After the slot length is found, the slot width is obtained by solving Eq. (3.22) for
w. Rearranging Eq. (3.22) gives

Z
In(l/w) = 1 — Bosarger 2 tan 1) (3.29)
’ 4 Neff

Thus, the slot width is

l
exp [1 - Ba,targetW%TCH tan ()\7;;):| ‘

Using this calculation procedure, the initial slot dimensions were estimated as

w =

(3.30)

[ ~ 45 um, w4 pm. (3.31)

These dimensions were used only as the initial geometry for electromagnetic simu-
lation. The analytical model assumes a short slot, an infinitely thin ideal conduc-
tor which in my deign we have a conductance loss, and neglects additional device
parasitics. Therefore, the final slot dimensions were expected to deviate from the
analytical estimate after full-wave simulation and oscillator-level optimization.

3.3.2 Initial full-wave validation and geometry refinement

After the analytical estimation, the initial slot geometry was implemented in HFSS
for full-wave electromagnetic validation. The purpose of this step was to extract
the antenna admittance and to refine the slot dimensions so that the antenna sus-
ceptance could compensate the capacitive susceptance of the RTD near the target
oscillation frequency.

In the HFSS model, the slot antenna was formed by a rectangular aperture in a
100 nm thick gold layer placed on an InP substrate. To reduce artificial reflections
from the substrate sidewalls, the lateral size of the substrate was chosen to be
sufficiently large compared with the slot dimensions, since in the realistic case our
substrate is very wide compared to the oscillator. In this work, both the substrate
length and width were set to 600 yum. A larger substrate would further reduce the
influence of the side boundaries, but would also significantly increase the mesh size
and computational cost. Therefore, 600 um was used as a compromise between
physical accuracy and simulation feasibility.

The substrate thickness was set to 200um. To avoid artificial reflections from the
simulation boundaries, radiation boundaries were applied directly on the substrate
sidewalls and bottom surface. This configuration preserves the physical substrate—
air interface at the bottom of the substrate while minimizing the influence of the
simulation domain on the antenna admittance. The simulation region was extended
above the antenna to ensure sufficient space for the electromagnetic fields. The
resulting simplified antenna model is shown in Fig. 3.2.

A small-range sweep of the slot length and width was then performed around the
initial analytical design. The extracted antenna admittance is shown in Fig. 3.3.
For the geometry with a slot length of 57 ym and a slot width of 4 ym, the antenna
admittance at 650 GHz is approximately
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Figure 3.2: Simplified HF'SS model used for the initial full-wave validation. The
model consists of a 100 nm thick gold slot antenna on a 200 pum thick InP substrate
with a lateral size of 600 pm x 600 pm.

Y, ~ 0.003 — j0.012 S. (3.32)

This result is close to the required admittance for oscillation. The imaginary part of
the antenna admittance is approximately —0.012 S, which can compensate the ca-
pacitive susceptance of the RTD near the target frequency. Meanwhile, the real part
is approximately 0.003 S, which is smaller than the maximum negative differential
conductance provided by the RTD, , seen in Figure 3.4.

Around the target operating point near Vpe = 2.1 V, the RTD conductance reaches
approximately Grrp ~ —0.009 S, which can compensate much more than antenna
loss around 650 GHz. Therefore, the extracted admittance indicates that this ge-
ometry can satisfy the small-signal oscillation condition around 650 GHz.

The discrepancy between the analytically estimated dimensions and the full-wave
HF'SS results can be explained by the assumptions used in the simplified analytical
model. In [16], the expressions for G, and B, were derived under the assumptions of
a narrow short slot formed by an infinitely thin perfect conductor on a dielectric sub-
strate, while RTD parasitic effects were neglected. The authors also noted that the
model becomes increasingly qualitative at THz frequencies due to stronger parasitic
contributions and the breakdown of the narrow-slot approximation. Furthermore,
the experimental validation presented in [16] mainly focused on oscillators operating
in the 150-400 GHz range. Since the present work targets operation near 650 GHz,
deviations between the analytical estimation and the full-wave electromagnetic re-
sponse were expected.

Nevertheless, the analytical model still provided a physically meaningful starting
point for the antenna design and significantly reduced the parameter search space
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Figure 3.3: Extracted antenna admittance of the simplified slot antenna model.

For [ = 57 pym and w = 4 pm, the antenna admittance at 650 GHz is approximately
Y, =~ 0.003 — 50.012 S.
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Figure 3.4: Differential conductance extracted from the fitted RTD -V curve. The
minimum conductance near Vpc &~ 2.1 V corresponds to approximately Grrp ~

—0.009 S.
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for the subsequent HF'SS optimization.

3.3.3 Nonlinear Circuit Analysis in ADS

After completing the simplified slot antenna optimization in HFSS, the antenna
model was imported into Keysight ADS for nonlinear circuit analysis. The purpose
of this analysis was to evaluate the oscillation behavior of the simplified RTD-slot
antenna system and identify the RTD bias voltage range capable of supporting
oscillation around 650 GHz.

The overall analysis procedure consisted of three steps. First, a small-signal S-
parameter analysis was performed to evaluate the oscillation conditions under dif-
ferent RTD bias voltages. Second, harmonic balance (HB) simulations with bias
voltage sweeping were carried out to analyze the bias-dependent oscillation fre-
quency and oscillation voltage amplitude. Finally, a fixed-bias HB simulation was
performed at the optimum bias point to further evaluate the steady-state oscillation
spectrum and output power.

The ADS circuit used for the S-parameter analysis is shown in Fig. 3.5. The slot
antenna simulated in HF'SS was exported as a one-port SnP block and imported into
ADS. The RTD was modeled using the nonlinear current-voltage relation described
in Section 2.2 together with a parallel junction capacitance of 3 fF. Two ports were
placed at the RTD side and antenna side, respectively, in order to extract the real
and imaginary parts of the admittance from both sides of the circuit.
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Figure 3.5: ADS setup used for the small-signal S-parameter analysis of the sim-
plified RTD-slot antenna oscillator.

By comparing the real and imaginary parts of the antenna admittance and RTD
admittance, the bias-dependent oscillation condition could be evaluated. The S-
parameter analysis showed that reactive crossing points started to appear near
650 GHz within the RTD bias voltage range of approximately 2.02-2.2 V, which
is shown in Fig. 4.1 - Fig. 7?7 . This indicates that the simplified RTD-slot an-
tenna structure is capable of supporting oscillation only within a limited negative
differential conductance region of the RTD.

After identifying the possible oscillation region from the S-parameter analysis, har-
monic balance simulations were carried out using the circuit shown in Fig. 3.6. An
OscPort component was introduced into the circuit to allow ADS to determine the
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steady-state oscillation frequency self-consistently. The RTD bias voltage was swept
from 2.02 V to 2.20 V in order to evaluate the bias dependence of the oscillation
behavior.
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Figure 3.6: ADS harmonic balance setup used for the bias-dependent oscillation
analysis.

During the HB analysis, the oscillation frequency f,s. and oscillation voltage am-
plitude V,,; were monitored under different RTD bias voltages. The quantity V.,
represents the RFE' oscillation voltage amplitude across the antenna terminal and
is directly related to the available radiated output power. Therefore, a larger V,,;
generally indicates stronger oscillation and higher output power.

The HB simulations showed that the oscillation frequency remained close to 650 GHz
throughout the investigated bias range, while the oscillation voltage amplitude varied
significantly with the RTD bias voltage.

Finally, a fixed-bias HB simulation was carried out at the selected operating bias
voltage in order to further analyze the steady-state oscillation spectrum and estimate
the output power.

The detailed oscillation frequency, harmonic spectrum, oscillation voltage amplitude,
and output power obtained from the harmonic balance simulations are presented and
discussed in Chapter 4.

3.4 Complete Oscillator Structure Including Par-
asitics

After the simplified slot antenna structure was investigated, a more complete oscil-

lator model was developed in HEF'SS by including the main parasitic contributions.

The purpose of this model was to move from the idealized antenna-only structure
toward a more realistic RT'D-slot antenna oscillator layout.
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The complete electromagnetic structure is shown in Fig. 3.7. Compared with the
simplified slot antenna model, additional layers and interconnections were included.
From bottom to top, the structure consists of the InP substrate, a highly doped n*
InGaAs layer, the lower Au electrode, the SisN, MIM dielectric layer, the upper Au
electrode, the air bridge, and the integrated shunt resistor.

Ansys
2025 R2

I <
, MIM dielectric,100nm
Air brldge _ e~ J
Slot antenna

ubstrate,
Opm

Shunt R, NiCr

Figure 3.7: Complete RTD-slot antenna oscillator structure including the parasitic
layers and integrated shunt resistor used in the full electromagnetic simulation.

The n™ InGaAs layer was included to represent the highly doped RTD contact layer,
which is used to provide an ohmic contact to the device. The original antenna metal
layer was retained as the lower electrode, while an additional upper electrode was
added above the dielectric layer. The SizN, layer was used to form MIM capacitor
to electrically isolate the upper and lower electrodes while introducing the required
capacitive coupling between them. A high breakdown voltage is important for this
layer because the MIM dielectric is very thin and can experience a strong electric
field between the two metal electrodes. If the dielectric breaks down, leakage cur-
rent or a short circuit may be introduced between the upper and lower electrodes,
which would change the biasing condition and the high-frequency admittance of
the oscillator. Therefore, SizNy is a suitable choice for the MIM dielectric layer
because SiN, thin-film capacitors have been demonstrated for submillimeter-wave
integrated circuits and are reported to have high breakdown voltage [28]. A shunt
resistor was also included in the complete oscillator structure to suppress unwanted
low-frequency oscillations. Although the RTD negative differential conductance is
required for oscillation at the designed THz frequency, the same negative conduc-
tance can also make the circuit unstable at low frequencies if no damping path is
provided. Therefore, the resistor is introduced to provide an additional positive
conductance at low frequency and stabilize the bias circuit.

At low frequency, the RTD capacitance can be treated as open and the oscillation
condition is mainly determined by the total conductance. To suppress low-frequency
oscillation, the conductance of the shunt resistor should be larger than the magnitude
of the RTD negative differential conductance,
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1
> |G . 3.33
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Equivalently, the shunt resistance should satisfy
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Using the maximum extracted negative differential conductance from the fitted RTD
[-V curve, |Grrp| = 9.5 mS, the upper limit of the shunt resistance is approximately

1
- ~105 9. .
Ry, < 07 % 105 05 (3.35)

Therefore, a shunt resistance of approximately 95 €2 was selected in this work. This
value is below the estimated stability limit and provides low-frequency damping
while still being close enough to the limit to avoid excessive loading of the intended
THz oscillation. NiCr was selected as the resistor material because it is commonly
used for integrated thin-film resistors and provides high resistivity and stable sheet
resistance [28].

As a first step, an idealized version of the complete oscillator model was constructed.
In this model, the airbox was placed directly adjacent to the substrate sidewalls and
bottom surface, such that the radiation boundaries coincided with the substrate
boundaries. This configuration minimizes substrate-related reflections and cavity
resonances, allowing the influence of the oscillator parasitics to be evaluated inde-
pendently of substrate effects. The corresponding HF'SS model is shown in Fig. 3.8.
The slot dimensions obtained from the simplified antenna-only model (I = 57 pym
and w = 4 pum) were initially adopted in the complete oscillator structure. The
extracted circuit admittance is expressed as

Yeire = Yo + Y;), (336)

where Y, represents the antenna admittance and Y}, denotes the additional parasitic
contribution introduced by the surrounding oscillator structure.

The extracted admittance of the complete oscillator structure was compared with
the antenna-only admittance obtained previously. The introduction of the para-
sitic structures produced only a small change in the extracted conductance and
susceptance, and the oscillation condition remained close to the target frequency of
650 GHz.

Although the initial geometry satisfied the oscillation condition, maximum radiated
power is not necessarily achieved at the same slot dimensions. Therefore, additional
parameter sweeps of slot length and slot width were performed using the complete os-
cillator model. The objective was to identify geometries that simultaneously satisfy
the oscillation condition and maximize the achievable output power. The detailed
comparison of the extracted admittance, oscillation frequency, voltage amplitude,
efficiency, and estimated output power is presented in Chapter 4.

The extracted HFSS admittance data were subsequently imported into ADS for os-
cillator analysis. First, a small-signal admittance analysis was performed to identify
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0 ST o0 007 (em)

Figure 3.8: Idealized complete oscillator model used for the initial evaluation of
the parasitic structure. The substrate sidewalls and bottom surface are directly
terminated by the radiation boundary to suppress substrate reflections.
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the RTD bias range satisfying the oscillation condition. Harmonic balance simula-
tions were then carried out to determine the oscillation frequency and steady-state
voltage amplitude. Finally, for each geometry, the bias point providing the largest
oscillation amplitude was selected and used for output-power estimation.

To further verify the oscillation frequency predicted by the harmonic balance simu-
lations, transient analysis was also performed in ADS. The HFSS admittance data
were exported over a wide frequency range from 0.1 GHz to 2 THz and incorporated
into the transient oscillator model. A small current pulse source was introduced to
provide an initial perturbation and trigger oscillation startup. Since the pulse is
only applied during the startup phase, it does not influence the final steady-state
oscillation behaviour. The transient simulation schematic is shown in Fig. 3.9.
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Figure 3.9: ADS transient simulation setup used to verify the oscillation frequency
predicted by the harmonic balance simulations. A small current pulse is introduced
to initiate oscillation startup.

The transient response was subsequently analysed in both the time and frequency
domains. The resulting oscillation frequency was compared with the harmonic bal-
ance prediction to verify the consistency of the oscillator model and to investigate
the existence of possible competing oscillation modes over a broad frequency range.
Finally, a more realistic electromagnetic model was constructed to investigate the
influence of substrate reflections. Compared with the idealized model, the substrate
thickness was increased to 600 yum and an air region was introduced between the
substrate bottom surface and the radiation boundary. This configuration allows
reflections from the dielectric—air interface and therefore more closely represents the
physical device environment. The corresponding model is shown in Fig. 3.10.

The extracted admittance of the realistic model was compared with that of the
idealized model in order to evaluate the sensitivity of the oscillation condition to
substrate-related resonances. The resulting differences in conductance, susceptance,
oscillation frequency, and output power are discussed in Chapter 4.
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I
0 0.05 0.1 (cm)

Figure 3.10: Realistic complete oscillator model used to evaluate the influence of
substrate reflections. The substrate thickness is increased to 600 pm and an air
region is included below the substrate before the radiation boundary.
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Results and Discussion

4.1 Simplified RTD-Slot Antenna Oscillator

4.1.1 S-parameter Analysis and Oscillation Condition

After importing the simplified RTD-slot antenna model from EM simulation into
non linear circuit analysis, a S-parameter analysis was performed to evaluate the
oscillation condition under different RTD bias voltages.

Figure 4.1 shows the evaluation of oscillation condition at a bias voltage of 2.02 V.
In Fig. 4.1a, the conductance condition G, < |Ggrrp| is just satisfied, while the
susceptance curves intersect close to 6560 GHz. This is also reflected in Fig. 4.1b,
where the antenna and RTD admittances are approximately balanced in their re-
active parts at 660 GHz. Since the magnitude of the RTD negative conductance is
slightly larger than the antenna conductance, the oscillation condition is marginally
satisfied, making 2.02 V the lower boundary of the oscillation region.

Figure 4.2 shows the oscillation condition at a bias voltage of 2.10 V, which is close
to the point where the RTD provides its maximum negative differential conductance.
Compared with the case at 2.02 V, the magnitude of the RTD negative conductance
is much larger, so the conductance margin is clearly increased. Meanwhile, the
susceptance curves still intersect close to 650 GHz, meaning that the oscillation
frequency is almost unchanged. This behavior is also seen in Fig. 4.2b, at 650 GHz,
the reactive parts of the antenna and RTD admittances are still approximately
balanced, while the RTD negative conductance is clearly larger than the antenna
conductance. Therefore, this bias point also staisfy the oscillation requirements.
Figure 4.3 shows the oscillation condition at a bias voltage of 2.15 V. Compared
with the case at 2.10 V, the magnitude of the RTD negative conductance has started
to decrease. Nevertheless, the conductance condition G, < |Ggrp| is still satisfied,
while the susceptance curves continue to intersect close to 650 GHz. The same trend
can be observed in Fig. 4.3b. At 650 GHz, the antenna and RTD admittances remain
approximately balanced in their reactive parts, indicating that the oscillation fre-
quency is largely unchanged. However, the distance between the RTD and antenna
conductances becomes smaller as the bias voltage increases beyond the maximum
negative conductance point. This suggests that the available negative conductance
margin gradually decreases, although the oscillation condition is still maintained.
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Figure 4.1: Evaluation of the oscillation condition at Vi.s = 2.02V: (a) admittance

comparison and (b) Smith chart.
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and (b) Smith chart representation.
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4.1.2 Harmonic Balance Analysis

After identifying the possible oscillation region from the S-parameter analysis, har-
monic balance (HB) simulations were performed in ADS. The RTD bias voltage
was swept from 2.02 V to 2.20 V in order to investigate the bias dependence of the
oscillation frequency and oscillation amplitude. The resulting HB analysis is shown
in Fig. 4.4 and Fig. 4.5.
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(a) Harmonic spectrum. (b) Oscillation frequency.

Figure 4.4: Harmonic balance results of the simplified RTD-slot antenna oscillator:
(a) harmonic spectrum and (b) Oscillation frequency over the bias range from 2.02
V to 2.20 V.
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Figure 4.5: Bias-dependent oscillation amplitude and estimated output power: (a)
oscillation voltage amplitude and (b) estimated output power.

Figure 4.4a shows the harmonic spectrum of the oscillation voltage. The fundamen-
tal component is clearly dominant, while the higher-order harmonics remain much
smaller. This indicates that the oscillator operates mainly at a single frequency
around the fundamental mode. Figure 4.4b shows the oscillation frequency ob-
tained for different RTD bias voltages. Although a slight variation can be observed,
the oscillation frequency remains close to 650 GHz throughout the investigated bias
range. This agrees well with the oscillation frequency predicted from the admittance
analysis presented in the previous section.
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Figure 4.5a shows the oscillation voltage amplitude as a function of bias voltage.
As the bias voltage increases, the oscillation amplitude first increases and then
decreases. The maximum oscillation amplitude is obtained at approximately Vi, =
2.18 V, where Voyymax =~ 0.27 V. The corresponding estimated output power is
shown in Fig. 4.5b. A clear maximum appears near 650 GHz, corresponding to the
oscillation frequency of the RTD-slot antenna oscillator. The estimated radiated
output power is calculated as

Pout == Ga Trad H/out|2 (41)

where G, is the antenna conductance at the oscillation frequency, 7,.q is the radia-
tion efficiency obtained from the HFSS simulation, and V, is the oscillation voltage
amplitude extracted from the harmonic balance simulation. Using an antenna con-
ductance of approximately G, ~ 0.003 S and a radiation efficiency of about 68%,
the maximum radiated output power is estimated to be approximately 86 W at
around 650 GHz.

4.2 Complete Oscillator Structure Including Par-
asitics

4.2.1 HFSS Analysis of the Complete Oscillator Structure

After the simplified antenna-only model was analysed, the complete oscillator struc-
ture including parasitic elements was simulated in HFSS. The idealized complete
model described in Section 3.4 was first used, where the airbox was placed directly
adjacent to the substrate sidewalls and bottom surface to reduce substrate-related
reflections.

The slot dimensions obtained from the simplified antenna-only model, w = 4 pm
and [ = 57 pum, were first applied to the complete oscillator structure. The extracted
admittance is shown in Fig. 4.6.

At 650 GHz, the extracted admittance of the complete oscillator structure is ap-
proximately

Y, complete & 0.0032 — 50.0123 S. (4.2)

For comparison, the antenna-only model with the same slot dimensions gave

Y, ~ 0.0033 — j0.0123 S. (4.3)

The difference between Y. and Y, is small, indicating that the added parasitic
structures do not significantly shift the admittance at the target frequency. There-
fore, the slot dimensions obtained from the simplified antenna-only model remain a
suitable starting point for the complete oscillator analysis.

To further optimize the complete oscillator structure, a sweep of slot width and
slot length was performed. The selected geometries are summarized in Table 4.2.
Since increasing either the slot width or the slot length reduces the magnitude of
the susceptance, the sweep was chosen such that the susceptance around 650 GHz
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Figure 4.6: Extracted admittance of the complete oscillator structure with w =
4 pm and [ = 57 pm.

remained close to the target value of approximately —0.012 S. Starting from the
initial geometry of w = 4 pm and [ = 57 pm, two sweep directions were therefore
considered: decreasing the slot width while increasing the slot length, and increasing
the slot width while decreasing the slot length, , as presented in Table 4.2

Table 4.1: Slot geometries used in the HFSS sweep of the complete oscillator
structure.

Slot width w [pm] Slot length [ [pm]
1 70
65
61
57
o4
ol
48
45
42
39

© 00 1 O U i W N

—_
S

The imaginary part of the extracted admittance for the swept geometries is shown
in Fig. 4.7. All selected geometries provide a susceptance close to —0.012 S near
650 GHz. This confirms that the sweep was able to keep the resonance condition
approximately fixed while changing the slot width and length.

The corresponding real part of the extracted admittance is shown in Fig. 4.8. Al-
though the susceptance remains close to the target value for all cases, the conduc-
tance changes significantly with geometry. In general, shorter slot lengths lead to
smaller Ggcomplete- For example, the geometry with w = 1 pym and [ = 70 pum
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Figure 4.7: Comparison of the imaginary part of the extracted admittance for
different slot geometries in the complete oscillator structure. The geometries were
selected to keep Im(Y, complete) close to —0.012 S near 650 GHz.
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Figure 4.8: Comparison of the real part of the extracted admittance for different
slot geometries in the complete oscillator structure. Shorter slot lengths generally
lead to smaller conductance around 650 GHz.
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gives a conductance of approximately 0.007 S at 650 GHz, while the geometry with
w = 10 pm and [ = 39 pm gives a conductance of approximately 0.0015 S. A smaller
conductance reduces the loss that must be compensated by the RTD negative dif-
ferential conductance and therefore increases the available bias range for oscillation.
However, a smaller conductance does not necessarily correspond to the maximum
output power, since the radiated power also depends on the radiation conductance,
radiation efficiency, and oscillation voltage amplitude.

Radiation efficiency comparison
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Figure 4.9: Radiation efficiency comparison for different slot geometries in the
complete oscillator structure. The radiation efficiency changes with slot geometry
and must be considered together with the extracted admittance.

The radiation efficiency for the same geometries is shown in Fig. 4.9. The radiation
efficiency also varies with geometry. Around 650 GHz, the initial geometry with
w =4 pm and [ = 57 pum has a radiation efficiency of approximately 67%, while
the geometry with w = 10 pum and [ = 39 um has a lower radiation efficiency of
approximately 54%. This indicates that reducing the conductance by using shorter
slot lengths can also reduce the radiation efficiency.

Therefore, the optimum geometry cannot be determined from G complete OF radiation
efficiency alone. Instead, the output power must be evaluated by combining the
extracted admittance, the antenna admittance, the radiation efficiency, and the
oscillation voltage obtained from ADS harmonic balance simulations. The output
power is calculated using

1
Pout = §Ga,complete77rad|v;)ut|2- (44)

The detailed ADS analysis and output power comparison for the swept geometries
are presented in the following section.
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4.2.2 ADS Analysis of the Complete Oscillator Structure

Based on the HFSS optimization presented in the previous section, the geometry
with a slot width of 6 ym and a slot length of 51 pum was selected for detailed
circuit-level analysis in ADS. This geometry provides a favorable trade-off between
conductance, susceptance, and radiation efficiency, and was found to give the highest
estimated output power among the investigated designs.

4.2.2.1 S-parameter Analysis

The extracted admittance of the complete oscillator was imported into ADS and
combined with the RTD admittance model. A small-signal S-parameter analysis was
performed to evaluate the oscillation condition under different RTD bias voltages.
Figure 4.10 shows the admittance comparison and the corresponding Smith chart
at Vias = 2.01 V. The conductance condition is just satisfied, while the suscep-
tance curves intersect close to 646 GHz. Therefore, this bias voltage can be re-
garded as the lower boundary of the oscillation region. The Smith chart provides
an alternative view of the same result. At 650 GHz, the extracted oscillator ad-
mittance is approximately Y. ~ 0.0031 — 70.012 S, while the RTD admittance is
Yrrp &~ —0.003 + j0.012 S. The two admittances are nearly conjugate matched,
indicating that the susceptances cancel each other and the conductance condition is
approximately fulfilled. This agrees well with the admittance comparison shown in
Fig. 4.10(a).

At Vs = 2.10 V, shown in Fig. 4.11(a), the RTD provides the largest negative
differential conductance. The susceptance intersection remains close to 646 GHz,
indicating that the oscillation frequency is still primarily determined by the bal-
ance between the complete-oscillator susceptance and the RTD capacitance. Fig-
ure 4.11(b) shows the corresponding Smith chart representation. Around 646 GHz,
the imaginary parts of the complete-oscillator admittance and RTD admittance re-
main balanced, while the magnitude of the RTD negative conductance is significantly
larger than the oscillator conductance. This bias point therefore provides the largest
conductance margin and represents the most favourable condition for oscillation.
As the bias voltage increases further, the magnitude of the RTD negative conduc-
tance decreases again. Figure 4.12 shows the condition close to the upper boundary
of the oscillation region. Although the susceptance cancellation condition is still sat-
isfied near 650 GHz, the conductance margin becomes smaller, eventually limiting
the oscillation range.

Based on the S-parameter analysis, the complete oscillator is expected to oscillate
within the approximate bias range of 2.01 V to 2.23 V. Compared with the simplified
antenna-only model, which oscillates from approximately 2.02 V to 2.20 V, the
complete oscillator exhibits a slightly wider oscillation region. This indicates that
the additional parasitic structures only have a minor influence on the oscillation
condition and do not significantly alter the admittance matching around the target
frequency.

40



4. Results and Discussion

0.009 -
—— T (;(llll
— 0.000 1 —
® 7 —
g i m1 Bant
& -0.010 ] — —Brrp
= i
E i
S J
<T -0.020 |
_0.030—IIII|I|II|III||IIII|IIIIIIII|IIII]IIII

400 450 500 550 600 650 700 750 800
freq, GHz

(a) Admittance comparison at Vi, = 2.01 V.

freq (400.0 GHz to 800.0 GHz)
(b) Smith chart at Vj,;,s = 2.01 V.

Figure 4.10: Oscillation-condition verification for the complete oscillator at Vi,.s =

2.01 V. The admittance comparison and Smith chart consistently indicate that the
oscillation condition is reached close to 646 GHz.

41



4. Results and Discussion

0.009 ;
(;11111
[ R
@ 0.000 |
Q ] — B
c 1 ant
£ -0.010 ] rr<__BRTD
€ |
o .
< ]
-0.020 |
'0.030-|||||l||||||||[|||||||||||||]|||||||||

400 450 500 550 600 650 700 750 800 freq, GHz
freq, GHz

(a) Admittance comparison at Vi = 2.10 V.

/ il \T S22
@f = 646GHz,

Y, ~ 0.0031 — j0.012 S

freq (400.0 GHz to 800.0 GHz)
(b) Smith chart at Vj,;,s = 2.10 V.

Figure 4.11: Oscillation-condition verification for the complete oscillator at Vi, =
2.10 V.
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Figure 4.12: Oscillation-condition verification for the complete oscillator at Vi, =
2.15 V.
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4.2.2.2 Harmonic Balance Analysis

After identifying the oscillation region from the S-parameter analysis, harmonic
balance (HB) simulations were performed in ADS. The RTD bias voltage was swept
from approximately 2.01 V to 2.23 V in order to investigate the dependence of the
oscillation frequency and oscillation amplitude on the bias voltage.

The resulting HB analysis is shown in Fig. 77.
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(a) Harmonic spectrum. (b) Oscillation frequency.

Figure 4.13: Harmonic balance results of the complete oscillator: (a) harmonic
spectrum and (b) Oscillation frequency over the bias range from 2.01 V to 2.23 V.
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Figure 4.14: Bias-dependent oscillation amplitude and estimated output power:
(a) oscillation voltage amplitude and (b) estimated output power.

Figure 4.13a shows the harmonic spectrum of the oscillation voltage, while Fig. 4.13b
presents the oscillation frequency obtained at different RTD bias voltages. Similar
to the simplified model, the oscillation frequency remains relatively stable around
646 GHz. However, a slight frequency shift can be observed as the bias voltage
changes.

Figure 4.14a shows the oscillation voltage amplitude as a function of bias voltage.
The oscillation amplitude increases as the RTD negative differential conductance
grows, reaches a maximum near Vi, =~ 2.2 V, and then decreases as the available
negative conductance becomes smaller toward the end of the NDC region. Using
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the oscillation voltage amplitude obtained from the harmonic balance simulation
together with the admittance and radiation efficiency extracted from HFSS, the
output power is estimated as shown in Fig. 4.14b, the radiated output power is
approximately FPoutmax = 96 W.

4.2.2.3 Geometry Comparison and Output Power Optimization

The complete oscillator analysis described above was repeated for all geometries
listed in Table 4.2. For each geometry, the optimum RTD bias voltage was first iden-
tified through harmonic balance simulations, after which the oscillation frequency,
oscillation voltage amplitude, and output power were extracted.

Table 4.2: Performance comparison of the investigated complete oscillator geome-
tries.

Slot Width Slot Length G, Mrad Vour  Pout

(i) (pm) (5) () V) (W)
1 70 0.0070 0559 0.1 25
2 65 0.0050 0.654 0.18 56
3 61 0.0040 0.664 0.23 69
4 57 0.0033 0.678 0.28 85
5 54 0.0028 0.674 032 95
6 51 0.0023 0.669 0.36 96
7 48 0.0020 0.630 0.39 93
8 45 0.0017 0599 042 85
9 42 0.0014 0569 0.46 84
10 39 0.0012 0528 050 77

Table 4.2 shows that the oscillation voltage amplitude increases monotonically as
the slot width increases from 1 pym to 10 pm while the slot length decreases from
70 pm to 39 pm. Over this range, the extracted oscillation amplitude increases
from approximately 0.11 V to 0.50 V. However, the output power does not follow
the same monotonic trend.

As shown in Tab. 4.2, both G, and 7,,4 gradually decrease as the slot width in-
creases and the slot length decreases. Consequently, although the oscillation voltage
continues to increase, the effective radiation conductance

GT = Ganrad (45)

becomes progressively smaller. Therefore, the increase in oscillation amplitude is
eventually outweighed by the reduction in radiated power conversion efficiency.

As a result, the estimated output power first increases and then decreases across the
investigated geometries. The maximum output power is obtained for the geometry
with a slot width of 6 ym and a slot length of 51 pum, where a favorable bal-
ance between oscillation amplitude, antenna conductance, and radiation efficiency
is achieved. This geometry delivers an estimated output power of approximately
96 W and is therefore selected as the optimum design of the complete RTD-slot
antenna oscillator.
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4.2.2.4 Wideband Verification and Transient Analysis

To verify that no additional oscillation modes exist outside the frequency range
investigated previously, the complete antenna structure with a slot width of 6 pym
and a slot length of 51 um was simulated in HF'SS over a wide frequency range from
1 GHz to 2 THz, and then implemented in transient analysis.

The resulting real and imaginary parts of the antena admittance are shown in
Fig. 4.15 and Fig. 4.16, respectively.
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Figure 4.15: Wideband real part of the oscillator admittance from 1 GHz to 2 THz.

Figure 4.15 shows that the real part of the oscillator admittance is relatively large
at very low frequencies and rapidly decreases as the frequency increases. This be-
havior is mainly caused by the shunt resistor introduced in the complete oscillator
structure.At low frequencies, the large capacitive reactance of the RTD limits cur-
rent flow through the RTD branch, causing a significant portion of the current to
flow through the shunt resistor. As the frequency increases, the capacitive reactance
decreases and more current is coupled into the RTD and antenna network. Con-
sequently, the relative contribution of the shunt resistor to the overall admittance
becomes smaller. And although the conductance appears close to zero over a wide
frequency range, this is mainly due to the plotting scale. The actual conductance
values are much smaller than those at low frequencies but still exhibit noticeable
variations, particularly around the oscillation frequency near 600 GHz.

The imaginary part of the oscillator admittance is shown in Fig. 4.16. The ob-
served frequency dependence can be understood from the extended equivalent cir-
cuit in Fig. 2.6. The reactive part of Y. includes the antenna inductance L., the
antenna-related parasitic capacitance Cp,y, and the MIM capacitor. Therefore, the
reactive response is strongly influenced by the capacitive parasitic network. As the
frequency increases, the inductive reactance becomes significant and the antenna
inductance starts to dominate the susceptance of the passive oscillator structure.
For an inductive branch, the susceptance is
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Figure 4.16: Wideband imaginary part of the oscillator admittance from 0.1 GHz
to 2 THz.

1

B = I (4.6)
Therefore, the magnitude of the negative susceptance decreases as the frequency
increases. This explains why Im(Y.) gradually approaches zero in the higher-
frequency range. Around the intended oscillation frequency, the extracted suscep-
tance remains close to the value required to compensate the RTD capacitance, while
no additional strong susceptance crossing corresponding to another oscillation mode
is observed within the investigated frequency range.
The wideband admittance results therefore indicate that the oscillator possesses only
one physically meaningful oscillation region around 646 GHz.
To further verify the oscillation behavior, a transient simulation was performed for
the complete oscillator structure. The resulting time-domain waveform and the
corresponding FFT spectrum are shown in Fig. 4.17.
As shown in Fig. 4.17(a), the oscillation starts from a small perturbation and grad-
ually grows until a steady-state amplitude is reached after approximately 200 ps.
This confirms the successful start-up of the oscillator.
The steady-state waveform was then transformed into the frequency domain using
a Fast Fourier Transform (FFT). The resulting spectrum is shown in Fig. 4.17(b).
A dominant spectral component appears at approximately

fose = 646 GHz, (4.7)

which agrees well with the oscillation frequency predicted by both the S-parameter
and harmonic balance analyses.
The peak power obtained from the FFT spectrum is approximately

Prutmas ~ —10.4 dBm ~ 90 pW. (4.8)
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This value is close to the output power obtained from the harmonic balance simu-
lation, providing an independent time-domain verification of the oscillator perfor-
mance.
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Figure 4.17: Transient response and FFT spectrum of the complete oscillator
structure. (a) Time-domain oscillation waveform showing the start-up behavior and
steady-state oscillation. (b) FFT spectrum of the steady-state waveform, indicating
the oscillation frequency and output power.
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Figure 4.18: Zoomed frequency spectrum around the oscillation frequency ob-
tained from the FFT analysis.

To further examine the spectral purity of the oscillation, the frequency spectrum
around the oscillation peak is shown in Fig. 4.18. A single dominant peak is observed
near 645 GHz, with no noticeable spectral broadening within the plotted frequency
range. The linewidth is therefore estimated to be significantly smaller than 0.1 GHz,
indicating a stable oscillation with good spectral purity.
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4.2.2.5 Directivity Analysis
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Figure 4.19: Directivity pattern of the complete oscillator antenna structure at
the oscillation frequency.

To evaluate the radiation characteristics of the complete oscillator structure, the
directivity pattern at the oscillation frequency was extracted from EM simulation
and is shown in Fig. 4.19. To obtain reliable far-field results, the radiation boundary
was placed sufficiently far from the antenna structure so that the near-field compo-
nents decay before reaching the boundary. The airbox dimensions used in this work
satisfy the far-field requirement at the operating frequency. The red and blue curves
correspond to the radiation patterns for the two principal cuts, ¢ = 0° and ¢ = 90°,
respectively. A clear main lobe is observed around ¢ = 0°, where the peak direc-
tivity is approximately 6.8 dB. The result indicates that the slot antenna radiates
preferentially in the broadside direction while maintaining a relatively symmetric
radiation pattern around the main beam.

4.2.2.6 Comparison Between the Ideal and Realistic Models

To investigate the influence of substrate reflections on the extracted oscillator admit-
tance, an additional HF'SS simulation was performed using a more realistic substrate
configuration. In this model, the InP substrate thickness was increased to 600 pm,
while an air region of 200 ym was retained above the structure. The extracted imag-
inary and real parts of the antenna admittance are shown in Fig. 4.20 and Fig. 4.21,
respectively.

As shown in Fig. 4.20, the imaginary part of the admittance remains very similar
to that obtained from the ideal model. The susceptance at the intended oscillation
frequency changes only slightly, indicating that the reactive behavior of the oscillator
is primarily determined by the local electromagnetic fields around the slot antenna
and the RTD feed region.

According to the equivalent circuit shown in Fig. 2.6, the reactive part of the oscil-
lator admittance mainly originates from the antenna inductance L,,, the parasitic
capacitance Cp,y, and the contact capacitance C.. These elements are determined

49



4. Results and Discussion

0.005

0.000

-0.005

-0.010

Admittance (S)

-0.015

-0.020

-0.025

-0.030

00 450 500 550 600 650 700 750 800
Frequency (GHz)

Figure 4.20: Imaginary part of the oscillator admittance extracted from the real-
istic model with a substrate thickness of 600 um. The susceptance remains close to
that obtained from the ideal model, indicating that the reactive behavior is mainly
determined by the local slot antenna and RTD feed geometry.
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Figure 4.21: Real part of the oscillator admittance extracted from the realistic
model with a substrate thickness of 600 ym. Compared with the ideal model,

stronger frequency-dependent variations are observed due to substrate reflections
affecting the effective radiation conductance.
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by the slot dimensions, RTD feed geometry, and near-field electromagnetic distribu-
tion. Since these geometrical features remain unchanged between the two models,
the extracted susceptance exhibits only minor variations.

In contrast, the real part of the admittance shows a significantly stronger depen-
dence on the substrate configuration, as illustrated in Fig. 4.21. Compared with the
ideal model, noticeable oscillations appear in the extracted conductance over the
investigated frequency range.

From the equivalent circuit perspective, the real part of the oscillator admittance
can be expressed as

Ga,complete = Gr + Gloss + Gp7 (49)

where GG, represents the effective radiation conductance, GG, accounts for conductor
and dielectric losses, and G, denotes the additional parasitic conductance introduced
by the contact structure.

Among these terms, G, is the most sensitive to substrate reflections. When the
substrate thickness is increased, electromagnetic waves radiated toward the backside
of the substrate experience stronger reflections at the substrate-air interface and may
propagate back toward the antenna. The reflected fields modify the effective radiated
power and consequently alter the extracted radiation conductance. As a result, the
conductance exhibits a stronger frequency dependence and larger fluctuations than
in the ideal model. And a possible improvement is to integrate a silicon lens after
the substrate[29].

Although the substrate reflections introduce noticeable variations in the extracted
conductance, the oscillator is still capable of sustaining stable oscillation. A transient
simulation of the realistic model predicts an output power of approximately

Py ~ 80 W, (4.10)

which is only slightly lower than the value obtained for the ideal model. This indi-
cates that the oscillator performance remains relatively robust even when substrate
reflections are included.
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Conclusion

In this thesis, a resonant tunneling diode (RTD) integrated slot antenna oscillator
operating around 650 GHz was designed and analyzed. The objective was to develop
a systematic design methodology for achieving stable terahertz oscillation while
understanding how the slot antenna geometry and parasitic structures influence the
oscillator performance.

A combined electromagnetic and circuit-level design approach was adopted through-
out this work. The antenna geometry was first estimated using analytical methods
and subsequently optimized using full-wave simulations in HF'SS. The extracted ad-
mittance was then incorporated into ADS together with a nonlinear RTD model in
order to evaluate the oscillation condition and predict the oscillator performance.
Following the analysis of a simplified RTD-slot antenna structure, a complete oscil-
lator model including the RTD contact geometry, MIM dielectric layer, air bridge,
semiconductor contact region, and shunt resistor was developed to investigate the
influence of parasitic effects.

The results demonstrate that the simplified analytical model provides a useful start-
ing point for the antenna design, although full-wave optimization is necessary to ac-
curately determine the admittance at frequencies near 650 GHz. For the simplified
antenna-only structure, the extracted admittance satisfied the oscillation condition
close to the target frequency and harmonic balance simulations predicted stable
oscillation with output power on the order of several tens of microwatts.

After introducing the complete oscillator structure, the extracted oscillator admit-
tance remained close to that obtained from the simplified model. This indicates
that the local parasitic structures only slightly modify the oscillation condition and
that the antenna geometry remains the dominant factor determining the operat-
ing frequency. A systematic sweep of slot width and slot length further showed
that the maximum output power is obtained through a trade-off between oscillator
conductance, radiation efficiency, and oscillation voltage amplitude rather than by
optimizing a single parameter alone. Among the investigated geometries, the struc-
ture with a slot width of 6 ym and a slot length of 51 um provided the highest
estimated output power around 80 W while maintaining oscillation near the target
frequency.

Wideband admittance analysis and transient simulations were additionally per-
formed to verify the oscillator behaviour. The transient response confirmed stable
self-oscillation and showed excellent agreement with the oscillation frequency pre-
dicted by the harmonic balance simulations. The investigation of a more realistic
substrate configuration further revealed that the imaginary part of the oscillator ad-
mittance is mainly determined by the local antenna and feed geometry, whereas the
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real part is considerably more sensitive to substrate reflections and cavity effects.
Overall, this work establishes a complete design methodology for RTD-integrated
slot antenna oscillators and provides insight into the interaction between antenna
geometry, parasitic elements, and oscillation behaviour at terahertz frequencies. The
obtained results demonstrate the feasibility of compact RTD-based oscillators op-
erating near 650 GHz through a combination of electromagnetic optimization and
nonlinear circuit analysis.

Future work should focus on fabrication and experimental characterization of the
proposed oscillator structure. More advanced RTD models incorporating voltage-
dependent capacitance and large-signal nonlinear effects could further improve the
prediction accuracy. In addition, substrate engineering, lens integration, and antenna-
array implementations may be investigated as potential approaches for increasing
the radiated output power and extending the operating frequency toward higher ter-
ahertz frequencies. Another possible direction is the optimization of the RTD active
area. A larger RTD area can provide higher peak current and negative differential
conductance, which may increase the available oscillator power, although this must
be balanced against the accompanying increase in device capacitance and parasitic
effects.
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