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Abstract

Efficient and compact terahertz frequency converters operating at ambient
temperatures are essential for long lifetime space/air-borne missions. Yet,
realising mixers in the 3-5 THz range remains challenging due to the lack of
stable local oscillator sources, complexities in circuit fabrication, and the need
for high-precision machining of E-plane split blocks.

This dissertation addresses these challenges with a focus on developing 3.5-
THz and 4.7-THz harmonic and fundamental mixers. First, the effect of idler
terminations on the harmonic mixer’s performance was evaluated. Based on
this theoretical study, 3.5-THz, x6-harmonic mixers were designed, featuring
a planar, single-ended Schottky-barrier diode with a sub-micron anode on a
2-pm GaAs membrane. The mixers exhibited a conversion loss of 60 dB at 3.5
THz and 76 dB at 4.7 THz. This was followed by a successful demonstration
of phase-locking of quantum-cascade lasers, representing the state-of-the-art
wide-band harmonic mixers using planar diodes in the 3-5 THz range.

In addition, this research focused on the design and experimental charac-
terisation of 3.5-THz and 4.7-THz fundamental mixers. The initial video de-
tection and noise temperature measurements indicated significant losses and
poor RF coupling. To address these issues, a scaled-down experiment was
performed to analyse the impact of E-plane misalignment on diagonal horn
antennas in the WM-570 frequency band. An E-plane misalignment of ap-
proximately 8% of the wavelength led to a 3-dB degradation in the optical
coupling to a Gaussian beam (Gaussicity) in the middle of the waveguide
band. Based on this, an optimised design for a 4.7-THz, x8-harmonic mixer
with an integrated pyramidal horn, less susceptible to E-plane asymmetry, is
presented. Finally, an alternate measurement technique which enables broad-
band characterisation of THz harmonic mixers is demonstrated. These results
represent the first broadband characterisation of THz harmonic mixers from
2.2 to 3 THz.

This thesis presents essential findings that will enable the realisation of THz
heterodyne receivers for detecting atomic and molecular species such as hy-
droxyl radical (OH) and atomic oxygen (OI), which are crucial for atmospheric
and planetary science research.

Keywords: Harmonic mixers, Heterodyne receivers, Horn antennas,
Phase locking, Schottky-barrier diodes, Terahertz electronics.
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Chapter 1

Introduction

Terahertz heterodyne spectroscopy is an invaluable tool for detecting and
mapping the thermal emission and absorption of atomic and molecular gases
[1]-[3]. By analysing these spectral signatures at THz frequencies, we can
probe the origin and composition of the early universe and gain insights into
dynamic processes within Earth’s atmosphere [4]. For instance, detecting gas
species such as atomic oxygen (OI) at 4.7 THz [5], [6] and hydroxyl radi-
cal (OH) at 3.5 THz in the mesosphere-lower thermosphere (MLT) region is
crucial for enhancing climate and weather prediction models [7], [8]. Future
scientific objectives and instrument requirements for Earth observation mis-
sions necessitate THz spectrometers with a high spectral resolution capable
of operating at ambient temperature over long flight durations.

Schottky barrier diodes are the workhorse behind sub-millimetre wave het-
erodyne spectrometers both as mixers and multipliers in local oscillator (LO)
chains of ground-based observatory, high-altitude balloons and space-borne
missions such as ALMA [20], STO [21], MIRO [22], ODIN [23], HSO [24],
METOP-SG [25], JUICE [15] and AWS. Compared to ultra-low noise THz
detectors, such as hot electron bolometer (HEB) or superconductor-insulator-
superconductor (SIS), Schottky barrier diodes operate at ambient tempera-
ture and have wide instantaneous bandwidth [26]. Hence, it is well-suited for
long-duration missions and detecting wide spectral ranges simultaneously.

In 1996, Betz et al. demonstrated a 4.7-THz whisker-contact Schottky
diode in a corner reflector mount with an epi-layer doping concentration of
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Figure 1.1: Sensitivity of THz mixers. Planar Schottky data is from [9]-[18], Paper
[D] and the superconducting HEB and SIS mixers are from [19]. Note:
hf/kp is the quantum limit where h is Planck’s constant, f frequency
and kp Boltzmann’s constant.

10'® ¢cm™3 with DSB noise temperature of 70,000 K [27], [28]. However,
whisker-contacted diodes are sensitive to vibrations, making them unreliable
for space missions [29]. The development of integrated and planar Schottky
barrier diode technology during the 1990s by Bishop et al. from the Univer-
sity of Virginia (UVA) led to more reliable and advanced terahertz mixers
and multipliers over the whisker-contacted devices [30]. In 1999, Siegel et al.
from NASA-JPL demonstrated membrane-based technology that allows for
low electrical parasitics and operation at terahertz frequencies [31]. Based on
this monolithic membrane diode technology, the first planar 2.5-THz Schottky-
based heterodyne receiver was built for NASA’s Aura mission, which exhibited
a 9000-K receiver noise temperature when pumped by far-infrared gas laser
with high LO power of about 8 mW [32]. Recent advancements include the
launch of the JUICE mission in April 2023, which is currently on its way
to Jupiter. The sub-millimetre wave instrument aboard JUICE is equipped
with two receiver channels, operating at 600 GHz and 1.2 THz, featuring GaAs
Schottky detectors fabricated at Chalmers [10] and LERMA [15], respectively.
In 2024, a 2-THz Schottky receiver front-end with a double side-band (DSB)



noise temperature of about 8000 K was demonstrated by NASA-JPL. Despite
these advancements, the realisation of planar, integrated Schottky mixers op-
erating in the 2-5 THz range remains a grand challenge, which this work aims
to address, refer Fig. 1.1.

Thanks to the development of far-infrared quantum cascade lasers (QCLs),
detectors beyond 3 THz are now feasible. QCLs, with a few mW of out-
put power and continuous-wave operation, are ideal as LO sources for THz
detectors [33], [34]. However, they are sensitive to cryocooler vibrations, tem-
perature, and bias current variations, causing frequency drifts and instabili-
ties. Stabilizing the QCL is essential for resolving fine details in gas emission
spectra [35], underscoring the need for THz harmonic mixers at 3.5/4.7 THz.

The main focus of this dissertation is the development of planar Schottky-
barrier diode receivers operating in the frequency range of 3-5 THz. A com-
prehensive large-signal analysis was conducted on harmonic mixers operat-
ing between 2-5 THz. The impact of idler terminations (Z- and Y-mixers)
on harmonic mixer performance was presented in [Paper A]. Building this
theoretical foundation, a 3.5-THz, x6 harmonic mixer was designed and fab-
ricated. The resulting conversion loss at 3.5 THz under various pump and
bias conditions aligned with simulation results as presented in [Paper B] and
followed by successful phase-locking of 3.5/4.7-THz QCLs that was demon-
strated in [36]. However, the lack of wideband and tunable sources presents a
significant challenge for characterising mixers across a broad frequency range.
An alternative measurement technique for wide-band characterisation of THz
harmonic mixers was demonstrated from 2.2 THz to 3 THz in [Paper C].

A key aspect of this research is the design and characterisation of fundamen-
tal mixers [Paper D]. The preliminary DSB noise temperature measurements
of the 3.5-THz fundamental mixers are about 140,000 K, and discrepancies
were attributed to poor Gaussian beam coupling and high losses in the RF
chain. Therefore, a scaled-down experiment was conducted to investigate the
impact of E-plane misalignment on a diagonal horn antenna in the WM570 fre-
quency band (330-500 GHz), as presented in [Paper E]. Based on the results,
we optimised the 4.7-THz, x8-harmonic mixer with an integrated pyramidal
horn, summarising the design in [Paper F].

The thesis starts with an overview of the critical components for building
a THz Schottky-based heterodyne detector and provides a detailed summary
of planar Schottky-barrier diode technology. Chapter 3 delves into the design
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and modelling of THz harmonic and fundamental mixers and concludes with
a discussion of the fabrication and assembly of integrated circuits in the mixer
housing. Chapter 4 presents the DC/RF characterisation methods. Chapter 5
presents the RF characterisation results of harmonic and fundamental mixers,
highlighting the promising potential and challenges in realising THz mixers.
Finally, Chapter 6 summarises the critical findings of this work and provides
a future outlook.



Chapter 2

Terahertz diode receivers

This chapter begins with an introduction to heterodyne receivers, followed by
an overview of crucial front-end components such as feed horns and mixers.
It includes a detailed discussion on the operation of diode mixers, various
design topologies, including the single-ended mixer configuration used in this
thesis, and an overview of harmonic balance simulation for analysing non-
linear circuits. The chapter then focuses on the metal-semiconductor interface,
particularly the formation of Schottky-barrier diodes. It presents the series
resistance and junction capacitance model for planar air-bridged Schottky
diodes. Finally, it describes the material properties and frequency-dependent
permittivity model of GaAs.

2.1 Heterodyne receivers

Heterodyne detectors operate by down-converting both the phase and ampli-
tude of the incoming THz signal to a much lower intermediate frequency (IF)
signal, typically in the GHz range. This is in contrast to the direct detectors,
which only measure amplitude information [37]. Heterodyne receivers utilise
two signals: an RF signal that carries the information and a LO pump signal
to generate the IF signal, fir = |frr — fro| as illustrated in Fig. 2.1.
Heterodyne receivers are ideal for spectroscopic applications, as they main-
tain spectral information and allow for a high resolution of about Af/f > 106,

which corresponds to a velocity resolution of v = 0.03 km s~ . This is cru-
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cial for resolving the fine spectral features and Doppler shifts of atomic and
molecular transitions. The down-converted IF signal is amplified using a low-
noise amplifier (LNA) and later analysed in the receiver back-end spectrom-
eter as depicted in Fig. 2.1. Due to atmospheric attenuation, primarily from
different scattering mechanisms and water vapour absorption, ground-based
observations at frequencies above 2 THz are impractical. Hence, we require
high-altitude balloons [6] or space-based missions to detect THz signals [26].
Receiver noise temperature, sensitivity, and stability are crucial parameters
for evaluating the performance of a receiver. Superconducting detectors, such
as Superconductor-Insulator-Superconductor (SIS) or Hot Electron Bolometer
(HEB) devices, achieve receiver noise temperatures closer to the quantum
limit, (hf/kp), where h is the Planck’s constant, f is the frequency, and kp
is the Boltzmann’s constant. [19]. Nevertheless, Schottky-based receivers are
attractive for long-duration flight missions as they provide wide instantaneous
bandwidth, fast response time, and operate without cryogenic cooling [26].

Tls G] Tn’ Gn
: IF amplifier Band-pass
Mixer chain filter
—_ R |~ Receiver
RF '[I:I % Back-end
LO
Local
oscillator

Figure 2.1: Simplified schematic of a double sideband (DSB) heterodyne detection
scheme. IF signal frequency is the difference between the RF and LO
signals.

The overall equivalent receiver noise temperature of a multi-stage, cascaded
system can be evaluated using Friis’ formula [38], which is given by:

T T3 T,
Troe =T, + =2 o 2.1
|+ G, + exen + .+ e (2.1)

where, T)... is the receiver noise temperature, 711,.., T,, represent the noise
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temperature, and G1,.., G,, are the gain or loss of each stage. Improving the
first stage’s noise performance will significantly impact T;.... Therefore, it is
crucial to have sensitive mixers and low-noise amplifiers in the first few stages.

For an ideal radiometer system, assuming no instabilities in the receiver
noise temperature and system gain, sensitivity is given by [39],

o TA + Trec
V1B

where, AT is the sensitivity, T4 and T, are antenna and receiver tempera-

AT (2.2)

ture, respectively. The system noise temperature is given by, Tsys = T4 +Trec,
T is the integration time, and B is the bandwidth [39]. For a fixed bandwidth,
better sensitivity can be achieved by decreasing the receiver noise temperature
or increasing the measurement integration time. However, any instabilities in
the receiver chain (for example, gain fluctuations) will set an upper limit on
the integration time, thereby affecting the instrument’s resolution. System
stability is measured via the Allan variance plot initially developed to study
the noise and stability of atomic clocks by D. Allan [40]. A detailed note on
stability experiments can be found here [41].

2.1.1 Local oscillator

The need for high LO power to drive the mixers is one limiting factor in real-
ising THz Schottky diode receivers. Fig. 2.2 shows the available signal power
from solid-state terahertz sources. Trendlines are indicated with a 1/f? and
a 1/)\% dependence, respectively. The highest output power from electronic
sources is achieved by combining several diode circuits. The heterostructure
barrier varactor (HBV) [42] data are taken from [43]-[47]; the Schottky var-
actors are from [18], [48], [49]; the resonant-tunnelling diodes (RTD) are from
[50]-[52]; and the quantum-cascade lasers (QCLs) are from [53]-[55]. Super-
conducting detectors such as HEB typically require LO power in the uyW -
nW [56]. However, Schottky-barrier diode-based mixers require much higher
LO power in the milli-watts (mW) range.

QCLs are an ideal LO source, delivering a few mW output power and sup-
porting continuous-wave (CW) operation. However, QCLs are prone to fre-
quency instabilities caused by cryocooler vibrations, fluctuations in bias cur-
rent, and temperature variations [57]. Therefore, frequency stabilisation is
crucial for achieving high-spectral resolution [Paper B| and [36]. A compre-
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Figure 2.2: Available signal power from solid-state terahertz and optical sources.

hensive discussion on output power and frequency characterisation, including
a current-temperature map of the QCLs that illustrates mode jumps, can be
found in [36].

2.2 Feed horns

Feed horns are an integral part of a receiver that couples the incoming signal
to the non-linear detector elements like diodes. Various THz quasi-optical
applications such as astronomy [58], imaging, and spectroscopy [11] utilise de-
tectors with integrated horns to couple the incoming signal to the diode [59] or
allow signal sources to radiate into free space [60]. Some critical performance
metrics of horn antennas are return loss, bandwidth, directivity, radiation
pattern, and polarisation [61].

In addition, the optical coupling to a Gaussian beam (Gaussicity) is an
essential parameter for quasi-optical system design [62]. Gaussicity is defined
as the maximum power coupling of the beam produced by the horn to a linearly
polarised Gaussian beam, and it can be calculated from aperture E-fields as
shown in Eq. 2.3 [63], [64].
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where, I, is the E-field distribution at the aperture and g is the Gaussian
function. Gaussicity of various commonly used horns are: diagonal - 84%,
pyramidal - 85% and corrugated antennas - 98% [63].

Corrugated feed horns are an ideal candidate for astronomical applications
due to low cross-polarisation and high Gaussicity of about 98% [65], [66].
Corrugated horns are realised using electroforming, which involves machin-
ing single-use mandrels later coated with copper through electrodeposition.
However, achieving uniform A/4 corrugations and coating becomes difficult
and expensive at sub-millimetre wavelengths. Other horn profiles offer easier
fabrication compared to electroforming, such as Pickett-Potter horns [67], [68]
and conical horns [69].

However, a key challenge in realising components above 2 THz is their sen-
sitivity to machining tolerances, even in the order of a few microns. Hence,
this thesis uses more straightforward profiles, such as diagonal and pyramidal
horns, due to their simplified manufacturing processes and seamless integra-

(2.3)

Ngauss =

tion with rectangular waveguides.

2.2.1 Diagonal horn

The ‘square-aperture’ horn first introduced by Li in 1952, consists of a rectan-
gular to circular waveguide transition that converts the dominant transverse
electric mode TE;g to TEq{; and a second transition that converts TEq; to

b)

Figure 2.3: Schematic of a diagonal horn antenna.
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a diagonally polarised wave in the square waveguide - a superposition of two
TE;g and TEp; waveguide modes. Later, A.W. Love experimentally veri-
fied its radiation pattern and coined the term ‘Diagonal horn’ [70]. Later, in
1992, Johansson and Whyborn omitted the intermediate circular waveguide
transition and demonstrated an integrated diagonal horn with rectangular
waveguide feed in an E-plane split block at sub-millimetre wave frequencies,
see Fig. 2.3. The aperture E-field distribution is given as,

E,, = [Emcos(i?)i" + Elocos<7;)g} - eIke (2.4a)
o [d? — 222 — 2y?

kp=—|———+—2 2.4b

=T (2.40)

where A, is the free space wavelength and £, is the spherical phase front
[71]. The corresponding co- and cross-polarisation components are given as,

1 )
E, =19 E4 = % [Eo1cos<7;y> + E10C08<?>:| . edke (2.5a)
~ 1 .
Ee=¢ - Eap = NG {Emcos(?;y) - E1ocos<ﬂdxﬂ - edke (2.5b)

The far-field radiation pattern is computed using a 3D-EM model in the
finite-element method (FEM) solver, refer to Fig. 2.4. The diagonal horns have
high side-lobe levels in the D-plane (= 15 dB). By integrating the power in the
aperture E-field in Eq. 2.5, the power radiated to the cross-polar component
can be computed, and it is relatively high ~ 10% [72].

The performance of diagonal horns depends on the phase and amplitude
balance between the TE1g and TEy; modes. Any asymmetry, such as E-plane
misalignment, can lead to mode imbalance, increasing cross-polarisation levels,
and result in an elliptically polarised beam. Fabricating these components at
high frequencies (>2 THz) with micron-level precision presents significant
challenges. A detailed discussion of the problem, as mentioned above, and
experimental verification is presented in Chapter 4.

10
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Figure 2.4: Simulated far-field radiation pattern of a diagonal horn. Solid lines
represent the copolar directivity in the following ¢ cuts: E (¢ = 0°), D
(¢ = 45°) and H (¢ = 90°) planes. The dashed line represents cross-

polar directivity in the D-plane.

2.2.2 Pyramidal horn

Pyramidal horns are widely used in many applications, including commu-
nication systems and as a standard-gain antenna for calibration [61]. It is
easier to construct and can be fed with a rectangular waveguide, as shown
in Fig. 2.5. The E- and H- fields over the horn’s aperture are approximated
in Eq. 2.6. Due to the ‘single-mode’ operation, they are less susceptible to

a) b)

Figure 2.5: Schematic of a pyramidal horn antenna.

11
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geometrical asymmetries. Section 5 presents simulations comparing aligned
and misaligned pyramidal horns. Pyramidal horns exhibit Gaussicity of about
85%, and co- and cross-polar directivity in E-, D- and H-planes obtained from
3D-EM simulation is presented in Fig. 2.6.

B, - Ewcos(%) o—ilk(? /2442 /1)) (2.6)
ay
E10 ™ k(2 2
H, = — cos( Lg)edlk@/p2ty*/p1)] (2.7)
n ai
—F
~ 20 D
an)
=
b
ER
g
=
= a0

Theta (degrees)

Figure 2.6: Simulated far-field radiation pattern of a Pyramidal horn. Solid lines
represent the copolar directivity in the following ¢ cuts: E (¢ = 0°), D
(¢ = 45°) and H (¢ = 90°) planes. The dashed line represents cross-
polar directivity in the H-plane.

2.3 Diode mixers

Mixers, also called frequency converters, are used to convert high-frequency
signals to low-frequency signals (down-conversion) using a LO signal which
is commonly used in receivers frr = |frr — fro|. In contrast to an up-
converting mixer, which generates an RF signal from a low-frequency signal
(frr = fro = frr). The frequency conversion occurs due to the diode’s non-
linear I-V characteristic. When the frequency conversion or mixing process
is achieved using non-linear resistance, the device is referred to as a resistive

12
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Figure 2.7: Frequency down-conversion process in a DSB mixer.

mixer [73].

In double-sideband (DSB) mixers, both the upper and lower sidebands are
down-converted to the same IF as shown in Fig. 2.7. Conversely, if one of the
sidebands is filtered out, leaving the IF with only one sideband, the mixer is
referred to as a single sideband (SSB) mixer. Some common topologies used
for designing THz mixers are discussed, and the pros/cons of each topology
are discussed in detail in this section.

Single-ended fundamental mixer

A single-ended mixer topology consists of a non-linear mixing element (diode)
and filters for transmission and suppression of the signals, as shown in Fig. 2.8.

DC bias
RF
choke
25 -
RF 4@ { I { } IF Band-pass _[>i
oy

Figure 2.8: Schematic of a single-ended diode mixer.
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The input RF and LO signals are expressed as,

VRF (t) = VRFCOS(WRFt) (28)

Vio(t) = Viocos(wrot) (2.9)

where, wpr = 27 frr and wro = 27 frLo. Using Taylor series expansion, the
diode current can be expressed as,

i(t) = ag + a1v(t) + axv®(t) + azv®(t) + ... (2.10)
and v(t) is given by,
v(t) = Ver(t) + Voo(t) (2.11)
and Eq. 2.10 is expanded as,

i(t) = ay + az[Var(t) + Vo (t)]
+a3[VRF(t) + VLo(t)]2 (212)
+as[Vr(t) + Vio (1))

The third term is rewritten using trigonometric identities as follows:
i(t) = a3[Var (£)* + Vo (t)? + 2Vio (1) Var (1)] (2.13)

i(t) = az[Vip(1 + cos(2wrrt))
+ V25 (1 + cos(2wrot)) (2.14)

+2VL,0 VR (coswrrt coswr,ot))

The capacitor will block the two DC terms, and the other mixing products
2wgrr, 2wro and wrpr + wro will be filtered by the IF filter. The desired IF
output is,

irr(t) = azVerVio|cos(wrr — wro)t] (2.15)

14
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Balanced fundamental mixer

A balanced mixer consists of two or more single-ended diodes that are excited
differentially, as shown in Fig. 2.9.

180°
hybrid
2 y ’\rl VRF T 1 VLO
RF O = Low-pass
0 ¢ —l filter
Schottky
o diodes ~~— TF
A A
LO O
° ™~
180 Vir I T Vio

Figure 2.9: Schematic of a balanced diode mixer.

The RF signal is applied to the sigma port (X) and is in phase at the two
diodes, which are indicated by arrows in blue, whereas the LO signal is applied
at the delta port (A), and there is a 180° phase difference and indicated by
arrows in red. Since the applied RF voltage is at phase, the IF currents
combine at the node joining the diodes in phase [74]. However, the amplitude
modulated (AM) noise and spurious signals are 180° out-of-phase and cancel
at the IF output [75].

Sub-harmonic mixer

The sub-harmonic pumped mixers are realised using anti-parallel diode topol-
ogy as shown in Fig. 2.10. It was first proposed by Cohn et. al in 1975 [76]. It
utilises the second-harmonic of the LO signal (fro = frr/2), which is useful
at THz frequencies where available LO power is scarce, as shown in Fig. 2.2.
The desired IF is generated by mixing the RF signal with the second harmonic
of the LO signal [18].

fir = [frr — 2 fro| (2.16)

15



Chapter 2 Terahertz diode receivers
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Figure 2.10: Schematic of the sub-harmonic mixer

The external current is I = I; + Is and I = 2aV + 2¢V3 + ...
loop current is given by Ijpop = It = —1I2 = bV?2 + dV* + .... The odd-order
current components are in the external circuit, and the even-order components
circulate within the loop [74]. The fundamental mixing product is suppressed;
therefore, the anti-parallel diode mixers have low conversion loss and improved
noise performance as the LO noise sidebands are suppressed. Since the DC
term is also part of the diode loop current, direct video detection cannot be

made with the anti-parallel diode mixers [76].

Single-ended harmonic mixers

and the

The harmonic mixer utilises the n® harmonic of the LO signal to generate the
IF signal [77]. One challenge with the high harmonic mixer is that the un-

High-pass RF choke LO choke
filter filter filter
&

ZRF ZLO
Schottky
(\) RF diode LO

Figure 2.11: Schematic of the single-ended diode harmonic mixer topology imple-
mented in [Paper B and F|. Zrr and Z10 are the optimum embedding
impedance at the RF and LO frequencies, respectively.
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wanted mixing harmonics (idlers) reduce the mixer sensitivity [78]. Unlike the
anti-parallel /balanced diode topology discussed in the previous section. 2.3,
they do not offer inherent cancellation of mixing products. It is possible to
terminate the idlers reactively, but this is at the cost of increased design com-
plexity [79]. The influence of different idler terminations on mixer conversion
loss is discussed later in section 2.3.2.

fir = |frr — nfrol, (2.17)

where n is the harmonic index.

2.3.1 Non-linear circuit analysis

Harmonic balance is a commonly used technique to evaluate the mixer’s per-
formance [80]. It partitions a circuit of linear and non-linear elements into
subcircuits, as shown in Fig. 2.12. The linear circuits are analysed using a
multi-port network representation in the frequency domain, and the non-linear
circuits are modelled using their I-V and @-V characteristics are analysed in
the time domain. A harmonic balance simulation aims to find a set of voltage

I 1
(o o1
V.o Input 1 v, NL,
Lo
2 | v,
Linear § Non-linear
subcircuit | | subcircuit
N N
(o <+ i
V(0 ) Output N |y

Figure 2.12: Harmonic balance. A non-linear circuit is divided into linear (fre-
quency domain) and non-linear subcircuits (time domain).
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waveforms that give the same current in the linear and non-linear subcircuits
and satisfies Kirchhoff’s current law at all harmonics [74], w,, is the excitation
frequency, and K is the harmonic number.

IL(]{?WP) + INL(kwp) =0 (218)

2.3.2 Idler terminations

Saleh [73] has proposed different schemes and mixer topologies based on re-
active idler terminations. Out-of-band frequencies that considerably influence
the mixers’ performance are called idlers. Based on the type of terminations
that are presented to the idlers, mixers’ performance can be improved.

Table 2.1: Mixer classification system based on out-of-band frequency terminations

Idlers woy,, | Idlers wa, 1 | Assigned name
Short Short Y-mixer
Open Open Z-mixer
Open Short G-mixer
Short Open H-mixer

Suppose the idlers are grouped into one and terminated by an open or short
circuit in the unitary division scheme. These mixers are called Z- and Y-
mixers, respectively. The binary division scheme divides the idler frequencies
into odd and even frequencies. Grouping even and odd idler frequencies and
terminating them with a short and open circuit are called an H-mixer; vice-
versa is a G-mixer Table. 2.1. However, the Z- and Y-mixers represent best and
worst-case scenarios. Hence, it is studied in detail in [Paper A], which discusses
the effect of idlers (unitary division scheme) on harmonic mixer conversion loss
and presents the embedding impedances at RF and LO frequencies for open
and short circuit idler terminations.

2.4 Schottky-barrier diodes

Schottky diode is a two-terminal device with a metal-semiconductor (M-S)
junction. Fig. 2.13a shows the schematic of the diode. The first work on
metal-semiconductor diodes was reported in 1874 by Ferdinand Braun, who

18
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observed the current rectification effect while probing a galena crystal (lead
sulphide) with a metal wire [81]. Crystal detectors played an essential role
in developing wireless telegraphy, for which he was awarded the Nobel prize
in 1909 together with Marconi [82]. Around the same time, crystal detectors
operating up to 60 GHz were developed by J. C. Bose [83].

Anode Anode
+
Depletion T R« (Vi.f)
region
\ Metal ¥
N
. Vd _7L
Semiconductor  ,,+ —— i DLV
\ QV))
J) Ohmic contact é
Cathode Cathode
a) b)

Figure 2.13: Schottky barrier diode a) Cross section of the metal-semiconductor
junction b) Diode equivalent circuit.

Walter H. Schottky [84] postulated the concept of depletion layer; majority
charge carrier conduction over the barrier; the relation between the barrier
height and work function of metal and semiconductor; image-force lowering
effect [85]. A metal-semiconductor junction can act as a Schottky barrier
depending upon the metal work function ¢,, and electron affinity xs in the
semiconductor [86]-[87].

q)b = ¢m — Xs (219)

Schottky-barrier diodes are uni-polar devices. For high-frequency applica-
tions, n-doped semiconductors are preferred due to electrons’ high mobility
and velocity [88]. Typical metals used as an anode contact are titanium (Ti),
platinum (Pt), and gold (Au). For n-type semiconductors, the most commonly
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Figure 2.14: Energy band diagram of a metal and n-type semiconductor junction.
(a) Zero bias, (b) Forward bias Vg, and (c) Reverse bias Vg.

used ohmic metal is gold-germanium (Au-Ge) [89]. A quasi-static equivalent
circuit model for a Schottky diode is shown in Fig. 2.13b. It consists of three
elements: a series resistance (R;), a non-linear junction capacitance (C;), and
a current source. With quasi-static assumption, all non-linear elements are
assumed to change instantaneously when their control voltage varies. It allows
the representation of the equivalent circuit of a solid-state device by lumped
linear and non-linear elements. For insights on advanced simulations that
consider the microscopic origin of transport mechanisms (e.g.) Monte-Carlo
(MC) based simulations for diode modelling, refer to [90].

Under thermal equilibrium conditions, a depletion region of width Wy is
created due to the flow of electrons from the n-type semiconductor to the
metal. Further transport of electrons is prevented due to the built-in poten-
tial (¢p;) created between the metal and semiconductor junction as shown in
Fig. 2.14a. Under forward bias conditions see Fig. 2.14b, the diode operates
in a voltage-controlled resistor mode, also known as a varistor. Under reverse

20



2.4 Schottky-barrier diodes

bias conditions, as shown in Fig. 2.14c, it acts as a voltage-controlled capac-
itor, or varactor [91]. Schottky-barrier diodes are operated in varactor mode
for highly efficient frequency multiplication applications [92].

2.4.1 Planar Schottky barrier diodes

The traditional ‘vertical’ whisker contact Schottky diodes offer low parasitic
capacitance but are mechanically sensitive and unreliable as the Schottky
contact diameter decreases [93].

Schottky
contact

Cathode

Anode pad L, |'>r||_I Cathode pad

iH
i
wahO
.||H
iH

Figure 2.15: Planar air-bridged Schottky-barrier diode. a) Illustration of a pla-
nar diode realised on a 2-pm-thin semi-insulating GaAs membrane
(Drawing not to scale). b) Planar lumped equivalent circuit model.

In 1987, Bishop et al. from the University of Virginia proposed a ‘planar’
surface channel etched Schottky diode technology, paving the way for the de-
velopment of robust, reliable, and mechanically stable Schottky-barrier diodes
[94]. For up to 300 GHz, discrete GaAs Schottky diodes were mounted by flip-
chip technology on a low-loss quartz substrate (e, = 4.2) [9], [95]. However,
above 300 GHz, it is advantageous to build the integrated mixer circuitry on
the same substrate, which allows for a high level of integration and improved
design of coupling probes and filters. Since then, considerable research has
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focused on improving Schottky diode performance by accurately modelling
parasitic effects and reducing substrate loss, which led to the planar mono-
lithic membrane diode (MOMED) process [31]. This technique is widely used
in constructing mixers and multipliers above 1 THz [Paper B and D].

In this thesis, the integrated mixer circuitry was realised on a 2-um-thin
GaAs membrane [31], [96] as shown in Fig. 2.15. The parasitic elements of
anode and cathode pad, finger inductance (L) and finger-to-pad capacitance
(Cfp), are part of the embedding circuit, and the pad-to-pad capacitance is
negligible, thanks to the ultra-thin GaAs membrane. The Schottky contact
area of about 0.1 yum? and the epi-layer stack shown in Fig. 2.16 were used to
realise the harmonic and fundamental mixers.

6x10" cm Epi-layer n GaAs 50 nm

5%10' em’® Buffer layer n** GaAs 0.5 um
Top etch stop layer AlGaAs 60 nm
Semi-insulating GaAs membrane layer 2 xm

Bottom etch stop layer AlGaAs 0.4 um

GaAs substrate 650 um

\//\

Figure 2.16: Epitaxial material layer stack of a typical THz Schottky diode mixer

2.4.2 Current-voltage characteristic

The current flow in a Schottky-barrier diode is governed by the following
carrier transport mechanisms: thermionic emission, tunnelling, and drift-
diffusion. For n-type semiconductors, current due to the minority charge
carriers can be neglected. For GaAs Schottky-barrier diodes with a high car-
rier mobility, the majority of carrier transport is dominated by thermionic
emission. Richardson was the first to explain the process of thermionic emis-
sion in vacuum tubes [97]. Later, Bethe proposed that it is also applicable to
Schottky-barrier diodes [98]. The ideal current-voltage (I-V) characteristic of

a diode is,
qVj
I;(V;) = I [eXp<nkB]T> - 1] (2.20)
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where I is the reverse saturation current, V; is the junction voltage and
1 is the ideality factor. For an ideal diode with conduction dominated by
thermionic emission, the ideality factor n equals 1. However, a high epi-layer
doping concentration can narrow the depletion width.

265/(/1171'
Wa=y|—~— 2.21
¢ qupi ( )

Thereby causing the electrons to tunnel through the barrier, which degrades
the ideality factor [85]. When the diode is highly forward-biased (V; > 3kT/q),
the diode current expression is simplified to,

qV;
L;(V;,) =1 2.22
1) = 1 e () (2:22)

where, V; = V3 — IjR,. The small-signal conductance (g;) is found by
taking the partial derivative of the I-V,

1 ol ) kT
o= (YY) nrt 2.23
Ty (5‘/}' ql; (2:23)

2.4.3 Junction capacitance

The diode capacitance-voltage (C-V) relation is derived using Poisson’s equa-
tion, which gives the voltage-dependent junction charge (Q;) and capacitance
(C;) as

Qj = SaNepiWa = 51/ 2qe. Neps (i — V;) (2.24)
S = rR?

s node 15 the Schottky contact area and Vj is the junction voltage

Cj — dQ](VJ) € S qesNepi

When the voltage applied across the diode is varied, the depletion width
W, will also vary as a function of the junction voltage. The zero-bias junction
capacitance is then given by,
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qesNepi
Cijo =S4 —— 2.26
J 2,(/)171 ( )
The potential of the epi-layer is curved near the periphery of the anode, as
shown in Fig. 2.13. This lateral extension of the depletion region starts to
play a role in Schottky contact with the sub-micron anode area; hence, it is
important to include the first-order fringing effect [99],

€55 3esS

o~ 2.2
CJ Wd(ij) + Danode ( 7)
€55 Wy
C; ~ = 14+1.5 2.28
/ Wd < * (Ranode>) ( )

Where Ranode and Dapode are the radius and diameter of the Schottky con-
tact, respectively. Detailed analysis of Schottky diodes’ junction capacitance
with realistic geometries implemented in a 2-D ensemble Monte Carlo simu-
lator can be found in [100].

2.4.4 High-frequency series impedance

At high frequencies, carrier inertia results in degradation of conductivity and
the frequency-dependent, complex AC conductivity is given by g, = H?ﬁ,
where 0, = ¢N p is the DC conductivity and 7; is the electron relaxation time
[101]. In addition, due to skin-effect, the current is confined to the surface of
the buffer layer, thus increasing the spreading resistance and becomes complex
[102]. The overall series impedance is estimated by [103],

Zb(V]?f) ~ Zepl(‘/]7f) +Zsp7'ead(f) +RC (229)

2.4.4.1 Epi-layer impedance
The undepleted epitaxial impedance can be approximated as

tepi - Wd

Zepi = S o
ac

(2.30)

where tqp; is the total thickness of the epi-layer. Due to the voltage depen-
dence of Wy, Zepi also varies with voltage. At zero bias, Wy = tepi, and there
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2.4 Schottky-barrier diodes

is no impedance contribution from the epi-layer. Note: Varactor diodes used
in frequency multipliers typically have low epi-layer doping concentration, and
the conduction current in the undepleted epi-layer is limited by the velocity
saturation current, resulting in a non-linear series impedance [104].

2.4.4.2 Buffer layer spreading impedance

Due to the high doping concentration and large ohmic contact, the current in
the buffer layer spreads out. For a planar geometry, current flows laterally,
see Fig. 2.17, and the calculation is geometry dependent.

Dickens presented the high-frequency bulk spreading resistance for a point
contact diode, accounting for the skin effect [102]. Champlin later modified
this expression to incorporate the carrier mass inertia effect and the displace-
ment current term jwe [101]. In a typical planar diode geometry, the ohmic
contact partially surrounds the Schottky contact [103]. Consequently, the
buffer spreading impedance is approximately double that of the whisker con-
tact configuration, resulting in:

1

1 w\]™
Zo = 2 Ll 2.31
bulk (400Ranod€ |:1 +] (wis) / (wd):l ) ( )

Zo =9 (hl(b/Runode) (ﬂ%) 1z L - 1 . j(w/wd)] —1/2> 2.32)

27 Oo (w/ws)

Where b is the distance between the Schottky anode and ohmic contact, the
total spreading impedance in the buffer layer is Zgpread = Zouik + Zskin-

2.4.4.3 Ohmic contact resistance

The ohmic contact resistance can be calculated from the specific contact re-
sistivity p. and the effective ohmic contact area, Sopmic-

__pe
S*

ohmic

R. (2.33)

Murrman proposed the transmission line model of a planar contact in 1969

[105], which provides the transfer length that determines the effective ohmic
contact area. The frequency dependence can be added, as shown by Bhau-
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Chapter 2 Terahertz diode receivers

Cathode
L Zbulk

Epi L z

skin

spread

I
(1
CS

a) b)

Figure 2.17: Spreading impedance in the buffer layer. a) Current flow in the highly
conductive buffer layer is limited by the skin depth 05 at high frequen-
cies and transfer length L;. b) Equivalent circuit of the buffer layer.

mik [103]. However, there is little experimental research to verify the high-
frequency dependence. Therefore, this work uses the DC contact resistance,
which is determined experimentally using transfer length test structures.

2.4.4.4 Plasma frequency

The parallel resonance caused by the charge carrier inertia (inductive) and
dielectric relaxation (capacitive) corresponds to the classical plasma frequency
and is given by [101],

Ny (em™?) | = (THz) | ¥4 (THz) | 52 (THz)
3x10'7 1.2 23.8 5.5
4x10'7 1.3 29.8 6.3
5x10'7 14 35.6 7.0
6x10'7 1.5 40.9 7.7

Table 2.2: Scattering, dielectric relaxation frequency, and plasma
frequency for different doping concentration

wy = 21 fp = Jwswy (2.34)

where fs = w, /21 and fg = wy/27 are the scattering and dielectric relaxation
frequency, respectively, and is given by wy = 0,/€s and ws = 1/7¢; = q/m* pp,.
Table. 2.2 summarises the scattering, dielectric relaxation and plasma fre-
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2.4 Schottky-barrier diodes

quency for different doping concentrations. High epi-layer doping is preferred
for high-frequency operation to avoid operating at the plasma resonance.

2.4.5 Noise

Noise is an essential figure of merit for mixers. The significant noise contrib-
utors in Schottky-barrier diodes are

¢ Thermal noise, also called Johnson or Nyquist noise, originates from the
random motion of electric charge [106]-[107].

e Shot noise is due to the discrete nature and random variations of elec-
trons generated due to current flow across the junction [108].

The shot noise current can be modelled as a current source parallel to I,
and thermal noise associated with the series resistance of the diode can be
modelled as a series voltage source [109] as shown in Fig. 2.18.

Anode
Rs

thermal

+

P
Qj(Vj)7ﬁ \l’j DO vy O1,,

Cathode

Figure 2.18: Equivalent circuit of noise sources in a Schottky diode

The mean-square shot-noise current in a forward-biased diode is,

P = 241, (235)
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Chapter 2 Terahertz diode receivers

Where I; is the current in the resistive part of the junction. The mean
square open-circuit noise voltage of a resistor is,

2 _
Vvthcrmal -

AkpTBR (2.36)

where B is the bandwidth in Hz, and R is the resistance.

2.5 Material properties
A summary of the critical material properties of GaAs at room temperature,

the low-field electron mobility model, and the frequency-dependent permit-
tivity model of GaAs are presented in this section.

Table 2.3: GaAs material properties at 300 K [110]-[112]

Symbol Description Value
E, Bandgap energy 1.42 eV
€s Relative permittivity 12.9
m; Effective electron mass 0.063*m,
. Phonon-limited electron mobility | 8000 cm?/V.s
Vsat Saturation velocity 2.2 x 10° m/s

2.5.1 Low-field mobility model

With increasing doping concentration, scattering due to impurities increases,
thereby reducing electron mobility. An empirical low-field mobility model that
describes the influence of doping concentrations and ambient temperatures is
given by [112],

Mmam(%)el — Hmin
A
N
4 (5 )
Nyep ()%

Where Ty = 300 K (room temperature), the fitting parameters are sum-
marised in Table.2.4.

N, T) = pimin + (2.37)
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2.5 Material properties

Table 2.4: Fitting parameters for low-field mobility model of GaAs and InGaAs

[112]
Parameters GaAs Ing 53Gag.a7As
Umin (cm?/V.s) 500 300
Pmaz (cm?/V.s) 9400 14000
Nyes (em=3) | 6 x 100 | 1.3 x 1017
A 0.394 0.48
01 2.1 1.59
02 3 3.68

A comparison of low-field electron mobility of GaAs and Ing53Gag.47As
versus doping concentration using the empirical model by Sotoodeh [112] is

presented in Fig. 2.19.

2.5.2 Dispersion model of GaAs
The dielectric function e(w) of GaAs is modelled by the classical Lorentzian
resonance function [111],

w? — w2
— 14 — L =T 2.38
€(w) = €oc w2 —w? +iTw (2.38)

where, wy, and wr are the longitudinal and optical phonon frequencies and

-10%

1.5 :
— (GaAs

0.5

Low-field electron
mobility (cm?/V.s)

| |
1013 1015 1017 1019

Doping concentration (cm™)

Figure 2.19: Electron mobility vs. doping concentration calculated using the em-
pirical low-field mobility model at room temperature (300 K) [112].
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Chapter 2 Terahertz diode receivers

wr = 292.1 em™!, wy = 268.7 cm ™!, damping factor I' = 2.4 cm™! and e,
= 10.63. In the frequency range between wr and wy indicated by dotted
lines, the real part of the permittivity, €,., becomes negative, and this band is
referred to as the reststrahlen band. This band indicates a frequency region
where energy is absorbed in the material.

Approaching the DC limit, the permittivity of GaAs is 12.9. In contrast,
in the infrared regime, the permittivity is reduced to ¢, = 10.63 due to the
inertial mass of the electrons as it cannot follow the rapid oscillations of the
electric field, so polarisation effects become minimal. Thus, €° reflects the
residual permittivity excluding atomic and displacement polarisation. This is
of interest because this transition occurs at THz frequencies, and this section
presents a simple model to calculate the frequency dependence at 3.5 THz,
€ = 13.5 and 4.7 THz, ¢, = 14.1. However, since the suspended stripline
circuit utilises ultra-thin dielectric GaAs membrane, this effect is minimal, as

shown in section 3.1.3.

40
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Figure 2.20: Frequency dependence of the relative permittivity e, for GaAs calcu-
lated from [111].
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Chapter 3

Design and assembly of
terahertz diode mixers

This chapter begins with an overview of waveguide-based mixers. Section 3.1.1
introduces a general approach to designing THz mixers, followed by determin-
ing the optimum embedding impedances for the diode at different frequencies
in Section 3.1.2. The realisation of the mixer circuitry in a shielded suspended
stripline and the suppression of higher-mode propagation in the channel are
discussed in Section 3.1.3. Subsequently, the design of external components,
such as integrated feed horns, IF impedance transformers, and high-precision
machining of mixer blocks, are presented. Finally, a brief overview of the
integrated circuit assembly in the mixer block is presented.

3.1 Design approach
A general guideline for designing THz mixers is presented here:

e Couple RF and LO power to the diode

e Present optimum embedding impedances at different frequencies to achieve
low mixer conversion loss

¢ DC path for biasing the mixer if needed

31



Chapter 8 Design and assembly of terahertz diode mixers

o Design of planar filters that provide isolation between RF/LO and IF
signals

o [F impedance transformer

o Evaluate mixer performance in terms of conversion loss, return loss for
various bias and pump power conditions as well as frequency

For simplicity, a constant series resistance model was used in the large-signal
harmonic-balance simulation while evaluating the mixers’ performance. The
rest of this chapter discusses how these sub-circuits and external components
are implemented. The RF, LO and IF signal interfaces were assigned with
wave ports as indicated in Fig. 3.1. A 50-Q lumped port was used to obtain
the diode’s embedding impedance from the 3D-EM model. Alternatively, a
coaxial waveguide probe could be used to measure the impedance [113].

Port 3

LO
waveguide

Port 2
Schottky
diode
RF \
waveguide | Port 4
/| TolF
| impedance
Feed horn | transformer
Port 1

Alignment
structure

Figure 3.1: THz waveguide-based mixer [Paper FJ.

3.1.1 Waveguide-based mixers

The available output power in the THz frequency regime is scarce; refer to
Fig. 2.2. Hence, finding a compact solution with low loss and good antenna
coupling is critical. Open-structure mounts that integrate a planar antenna
with the detector element are often preferred [114]. Since machining closed-
structure mounts above 3 THz, where waveguide and channel dimensions
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3.1 Design approach

range from 25 to 50 pm, is generally considered challenging. However, ad-
vances in computer-aided design (CAD) tools and high-precision machining
have enabled the realisation of waveguide-mounted mixers up to 4.7 THz [115],
[116].

RF and LO signals can be efficiently coupled to the diode by directly in-
tegrating a feed horn with the waveguide, enabling excellent Gaussian beam
coupling to external optical components [113]. The harmonic and fundamen-
tal mixers discussed in this thesis are waveguide-based, with the integrated
GaAs membrane circuit suspended within an E-plane split block [Papers B-
D], as shown in Fig. 3.1. The mixer blocks were machined in two halves; after
assembling the IF impedance transformer components (quartz, PCB) and the
integrated mixer circuitry, both blocks are fastened together as illustrated in
Fig. 3.2. Since the waveguide is split along the maximum E-field of the fun-
damental mode in the waveguide TE y as shown in the inset of Fig. 3.2, the
blocks are referred to as E-plane split-blocks [117]. In this approach, the RF
current along the split is zero, not affecting the waveguide performance.

In addition, it eases the machining process, as the waveguide is formed in
two parts: each block has a channel with a 1:1 aspect ratio, which, put to-
gether, forms a standard rectangular waveguide (2:1). Another advantage of
the E-plane split blocks is that they provide easier circuit integration. By in-
serting an E-field probe that couples the TE;y mode from the input waveguide
to a quasi-transverse electromagnetic (TEM) mode in the planar circuit.

Figure 3.2: Illustration showing the mechanical housing of E-plane split blocks.
Inset shows the maximum E-field of dominant TE1o mode in a rectan-
gular waveguide.
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Chapter 8 Design and assembly of terahertz diode mixers

3.1.2 Embedding impedances

Embedding impedances presented to the diode that offer low conversion loss at
RF and LO frequencies were estimated using a large-signal harmonic balance
simulation in a circuit simulator [Paper A]. Both diode geometry and the
surrounding mixer circuitry influence the embedding impedance considerably.
Hence, it is essential to tune the parameters to present an impedance closer to
the ideal values estimated in large-signal modelling [Paper A, B|. Due to the
diode’s non-linear junction capacitance, optimum conversion loss and noise
temperature occur at different operating conditions [74].

._a__)_. '-.__7b),_.-‘

Figure 3.3: Embedding impedance. Smith chart showing the conversion loss L
contours and the optimum embedding impedance at RF-3.5 THz (left)
and LO-600 GHz (right).

Constant conversion loss and noise temperature contours computed using
Siegel-Kerr code can be found here [118]. However, this work optimised the
embedding impedances using constant conversion loss contours. The out-of-
band frequencies or idlers were considered open-circuited (Z-mixer topology).
Note: This is an ideal case; Z-mixers offer the lowest conversion loss since there
is no current flow in the idlers. In Fig. 3.3a-b, the embedding impedances at
RF and LO frequencies for an LO power of 2 dBm are presented here. A
simulated conversion loss of 30 dB was obtained for an ideal Z-mixer with the
following diode parameters: n = 1.2, R; = 50 Q and Cjo = 0.3 fF and IF of
200 2. Note: No DC bias was applied, and mixer circuit losses were excluded
from this analysis.
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Figure 3.4: Time-dependent voltage and current waveforms for an ideal Y-mixer.

Time-domain voltage versus current is plotted for a Y-mixer with the same
diode parameters described earlier for different LO power, as shown in Fig. 3.4,
to ensure the mixer is not operated beyond the forward and reverse breakdown
voltage. The reactive part dominates (capacitive current) for low LO pump
power, and as the pump power increases, the resistive contribution increases
in the forward bias region. [Paper A] also shows conversion nulls in Y-mixers
arising from competing mixing products [119]. This phenomenon is later var-
ied in the experimental characterisation of harmonic mixers and presented in
Chapter 5 and [Paper B.

3.1.3 Shielded suspended stripline

a, =30 um
w
.
- A . i i

i b e e I
}1 _________________ b, =11 m = TOSTT =

a =25 um

a) b)

Figure 3.5: a) Schematic of the shielded suspended stripline of width w in the 3.5-
THz RF channel. b) E-field distribution of the fundamental mode.
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Chapter 8 Design and assembly of terahertz diode mixers

The cross-sectional view of the shielded stripline suspended in the channel is
shown in Fig. 3.5. It consists of two conductors and, therefore, supports TEM
wave propagation. However, due to the thin dielectric membrane, the wave
propagates with different phase velocities, resulting in a quasi-TEM mode
within the channel. The top channel was wider than the bottom to make the
design less sensitive to misalignment between two halves.

120 8000
S = 6000 :
S s -
N ~—
3
4000 8
4 | | | |
OO 0.4 0.8 3 3.5 4 4.5 5
w/aq Frequency (THz)
a) b)

Figure 3.6: Suspended stripline a) Characteristic impedance versus stripline width
normalised to the channel width (w/a1). b) Attenuation versus fre-
quency for a stripline of w/a1 = 0.32 in the channel Fig. 3.5.

Based on the GaAs dispersion model presented in Chapter 2, the relative
permittivity e, of the membrane was varied by up to 10%, as illustrated in Fig.
3.6a. The stripline’s characteristic impedance Z. (power-current definition
[120]) was then calculated for various stripline widths w, normalised by the
channel width a;. The estimated loss tangent was approximately 0.0009 and
0.001 at 3.5 THz and 4.7 THz, respectively and was not included in this study.

3.1.3.1 Suppression of higher-order modes

To ensure only the fundamental mode propagates in the channel, the width of
the channel is designed to be smaller than \/2, which restricts the propagation
of higher-order waveguide modes. Fig. 3.7 shows the E-field distribution of
the 2! mode and 3"¢ mode in the channel.
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a

-#

o
=

Figure 3.7: E-field distribution of first two waveguide modes in the channel.

The width of the stripline determines the onset of the 2°¢ mode in the
channel. The cut-off frequency of the higher-order modes is plotted versus the
stripline width normalised to the channel width as shown in Fig. 3.8a. Since
the E-field distribution of the 3'Y mode is perpendicular to the stripline, it
is not sensitive to the width variation. Hence, the cut-off frequency of the
3'4 mode is constant, as shown in Fig. 3.8a. Figure 3.8b shows the cut-off
frequency of the first three propagating modes in the channel for a particular
case (w/a; = 0.32).
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Figure 3.8: Higher-order modes. a) Cut-off frequencies of the 2"¢ and 3" modes in
the channel versus stripline width. b) Phase constant versus frequency
for fundamental, 2°¢, and 3™ modes for stripline w/a; = 0.32 in the
3.5-THz channel.
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Chapter 8 Design and assembly of terahertz diode mixers

3.1.3.2 Conductor loss

Due to the ultra-thin GaAs membrane, variations in €, have a minimal impact
on the transmission line characteristics. For w/a; = 0.32, attenuation was
calculated from the 3D-EM model as a function of frequency and is presented
in Fig. 3.6b.

As depicted in Fig. 3.5b, the fundamental mode’s E-field distribution is
concentrated along the centre conductor, with weaker field strength at the
periphery. Therefore, the surface roughness of the stripline has a significant
effect than that of the channel’s surface roughness, which arises from machin-
ing. The following equation approximates the effect of surface roughness,

1.4 <A§:4s)2]> (3.1)

where 05 is the conductor skin depth (42 nm at 3.5 THz and 36 nm at
4.7 THz). This surface roughness approximation is based on microstrip lines
[121].

2
al ~ a. (1 + — arctan
m

a.’fa

0

1 | | |
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Aprums (nm)

Figure 3.9: Conductor loss as a function of surface roughness of gold stripline at
3.5 THz.

3.1.4 Planar band-stop filters

Broadband filters are essential to maximise the coupling of incoming signals
to the diode and enhance mixer sensitivity. They prevent signal leakage and
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3.1 Design approach

ensure isolation between the RF, LO, and IF chains. Stepped-impedance
filters feature a simple topology with alternating high- and low-impedance
sections. Alternatively, hammer-head sections can provide efficient rejection
with a compact layout.

11um

25 ym

- - 30 ym L
a)

b)

Figure 3.10: Stepped-impedance filter. a) Picture of the EM model. b) Cross-
section of the RF channel.

3.1.4.1 Stepped impedance filter

Stepped impedance filters consist of alternating high- and low-impedance line
sections, as shown in Fig. 3.10. To achieve high isolation, the ratio between the
high and low impedances should be as high as possible, and the length of each
section should be approximately (\;/4). The 5" order stepped impedance
provided isolation of about 18 dB at the centre frequency (3.5 THz) [Paper
B]. Fig. 3.10 shows the cross-section of the RF channel showing the stepped
impedance filter defined on a 2-ym GaAs membrane. The top and bottom
channels have different widths to account for the misalignment of the top and
bottom split blocks. The rounded corners arising from the milling process are
considered in the 3D-EM model design. The cut-off frequency of the 2°¢ mode
is &~ 3.6 THz and is determined by the stripline width of the low-impedance
line, refer Fig. 3.8.

3.1.4.2 Hammerhead filter

Higher-order stepped-impedance filters offer improved signal suppression but
result in an electrically long circuit, which contributes to high loss in the
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Chapter 8 Design and assembly of terahertz diode mizers

passband. Therefore, the hammer-head filter is suitable for meeting these
requirements using only one section [Paper B, F|. Figure 3.11 displays a top
view of the planar hammer-head filter suspended within the channel using
beam leads.

—10
Beamlead f¢ o
100 pm mechanical support 3
= | = 30| .

N
n

-5 |

%OO 600 700
Alignment structure Frequency (GHZ)
a) b)

Figure 3.11: Hammer-head filter. a) 3D-EM model of the hammer-head filter. The
gold beam leads provide grounding, heat transfer, and mechanical
support. The asymmetrical GaAs membrane aids in precisely aligning
the circuit in the block. b) Sa; versus frequency.
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Figure 3.12: 4.7-THz hammer-head filter. Phase constant of fundamental and
higher-order modes versus frequency.
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Beamleads provide efficient support, heat transfer, electrical grounding, and
precise circuit alignment in the E-plane mixer split block. Fig. 3.11 (right)
shows the filter response of the designed hammer-head filter with suppression
better than -20 dB between 550 GHz to 650 GHz and isolation of about 40 dB
at the centre frequency. For a 4.7-THz harmonic mixer, see Fig. 5.27, the
hammer-head filter was implemented as an RF choke, and Fig. 3.12 shows the
phase constant first three higher-order modes in the RF channel, Paper [F]
and [116].

3.1.5 IF impedance transformer

An impedance transformer is needed to match the mixer IF impedance to the
50-Q. As discussed in paper [A], the optimal IF impedance was approximately
1000 €2, but realising this as a microstrip line on a Rogers 4003B PCB is
impractical; therefore, 150 €2 was selected as IF impedance instead.

S in dB

Frequency (GHz)
a) b)

Figure 3.13: IF impedance transformer. a) Picture showing the layout of the three-
section Chebyshev 150 to 50-§2 impedance transformer. b) Return loss
and insertion loss of the three-section Chebyshev impedance trans-
former.

A quarter-wavelength impedance transformer would provide a very narrow
bandwidth, so to broaden the bandwidth, multi-section impedance transform-
ers like Chebyshev and binomial are commonly employed [122]. The simulated
insertion loss of the three-section Chebyshev transformer was under 0.3 dB
across the 1.5 GHz to 7 GHz frequency range, with a return loss better than
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Chapter 8 Design and assembly of terahertz diode mixers

15 dB from 2 GHz to 7.5 GHz, as shown in Fig. 3.13. Integrating the LNA
with the mixer module, as demonstrated in [123], is advantageous to achieve
a compact front-end receiver module. This integration helps minimise ripples
caused by the mismatch between the mixer and LNA.

3.1.6 Integrated feed horns

In this thesis, two RF feed horn designs were employed: diagonal and pyrami-
dal horns due to their seamless integration with rectangular waveguides and
ease of machining at THz frequencies. For the diagonal horn, the standard
design described by Johansson and Whyborn [124]. The 3.5-THz diagonal
horn with an aperture size of 384x384 um?, corresponding to a flare angle of
5.4°, resulted in a simulated directivity of about 23 dBi as shown in Fig. 3.14a
and return loss below 30 dB as shown in Fig. 3.14b. The aperture dimensions
correspond to a theoretical Gaussian beam waist of 165 pum [63].

The pyramidal horn had an aperture size of 330x230 pm?, and a length
of 1.6 mm was integrated with a WM-48 rectangular waveguide. The peak
copolar directivity was about 22.5 dBi, and return loss was about 30 dB at
the centre frequency, as shown in Fig. 3.15a-b. The copolar radiation pattern
of both diagonal and pyramidal horn antennas is presented in Fig. 3.16a-b.
Diagonal horns have side-lobe levels (15 dB) in the D-plane (¢ = 45°) and the

—20
2
Z _30L
n
WA
34 35 36 3.7 38
Frequency (THz)
a) b)

Figure 3.14: 3.5-THz diagonal horn. a) 3D-EM model of the feedhorn. b) Simu-
lated return loss versus frequency.
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Figure 3.15: 4.7-THz Pyramidal horn. a) 3D-EM model of the pyramidal horn b)
Simulated return loss versus frequency.

pyramidal horns has in the H-plane (¢ = 90°).
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Figure 3.16: Co-polarisation radiation pattern of perfectly aligned antennas a) Di-
agonal horn b) Pyramidal horn.

3.2 Fundamental mixers

With all the sub-circuits optimised, the full EM model of the 3.5-THz fun-
damental mixer is shown in Fig. 3.17. The E-field probe’s dimension and
the waveguide backshort position are optimised for maximum coupling of RF
signal to the diode. The E-probe is also extended as a beamlead providing
RF/DC ground. The beamlead will be clamped when the split-block halves
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Chapter 8 Design and assembly of terahertz diode mixers

are assembled, aiding heat dissipation. The fundamental mixer’s design is
more straightforward than the harmonic mixer because RF and LO signals
are coupled to the diode via the same waveguide with an integrated feed horn.
A Martin-Puplett diplexer spatially overlapped the RF (hot/cold loads) and
LO signals (QCL) during experimental characterisation.

W4 stub

To IF impgdance

Hammer-head
transfgrmer
—

filter
RF/LO
WM-64

Figure 3.17: Picture of the full 3D-EM model of the 3.5-THz fundamental mixer

A quarter-wave stub was placed directly on the mesa in addition to the
hammer-head filter, which improved the isolation, thereby reducing mixer
conversion loss. The 4.7-THz fundamental mixer is a scaled version of this
design. Fig.5.18 shows the scanned electron micrograph of the 3.5 THz and
4.7 THz fundamental mixers, highlighting the quarter-wave stub placed on the
mesa. The large-signal harmonic balance simulation results of fundamental
mixers and video responsivity measurements are presented in Chapter. 4.

3.3 Harmonic mixers

For a n'" harmonic mixer, the LO chain must be designed at a 1/n of the
RF, making the simulation of the full EM model computationally intensive
and challenging. To accurately predict the performance of harmonic mixers,
it is essential to consider all the idlers spanning across a wide frequency band
of n-octaves; refer to Section 3.3.1 about terminations at idlers. The 3D-
EM model of the RF chain of a harmonic mixer with an RF waveguide of
height b, width a, and backshort [ is shown in Fig. 3.18a. The inset shows
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3.8 Harmonic mizers

the air-bridged finger, and the Schottky junction is modelled using a 50-)
lumped port. Fig. 3.18b shows the RF embedding impedance presented to
the diode versus frequency from 3.48 THz to 3.52 THz; the mark indicates
the impedance at the centre frequency 3.5 THz.

Figure 3.18: Harmonic mixer. a) 3D-EM model of the RF chain showing the RF
waveguide, RF E-probe and the diode. The inset shows the air-
bridged finger and the mesa. b) RF embedding impedance presented
to the diode from 3.48 THz to 3.52 THz.

Fig. 3.19 shows the full 3D-EM model of the 3.5-THz harmonic mixer,
including the RF/LO waveguides and channels and the integrated mixer cir-
cuit, including the planar Schottky diode and choke filters. Note: to reduce
the computational time, the feed horn and the LO access waveguide were
excluded from the simulation. The 4.7-THz, x8 harmonic mixer design is
shown in Fig. 3.1, which has a WM-48 RF waveguide that is integrated into
a pyramidal horn, and the RF choke is designed using the hammer-head filter
[Paper E]. The simulation results of mixer performance are summarised in
Chapter. 5.

3.3.1 Embedding impedances at idler frequencies

As mentioned in Section. 2.3, a mixer utilising higher harmonics for opera-
tion has a reduced sensitivity. Reactively terminating the idlers will result in
improved mixer performance at the expense of having a complicated design.
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Figure 3.19: Full 3D-EM model of the 3.5-THz, x6-harmonic Schottky diode
mixer.

Given the fabrication challenges for circuits above 2 THz, specific measures
were not implemented to terminate the idler frequencies reactively. The em-
bedding impedances presented to the diode at different idler frequencies are
presented in the Smith chart Fig. 3.20 for the circuit shown in Fig. 3.19. A
blue dot indicates the optimum embedding impedance presented at the LO
frequency.

Figure 3.20: Embedding impedances presented to the diode at different idler fre-
quencies
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3.4 Robustness analysis

Sensitivity analysis was performed to check the robustness of the mixer design.
The parameters with critical tolerances are varied by 10% of their original
value to approximate the partial derivatives [125]. The relative sensitivity
coefficient is given by,

oo _ AL/Lg
T Ax/xg

where AL = L, — Ly denotes the change in the conversion loss, Ly the nominal

(3.2)

conversion loss, Az the relative variation of the parameter in the study, and
z( the nominal value of the parameter. The relative sensitivity coefficient was
then calculated by studying the harmonic mixer conversion loss and is given
in [Paper B]. The diode ideality factor (n) has the strongest influence on the
conversion loss of the mixer due to its influence on the diode non-linearity. A
similar analysis for the 4.7-THz fundamental mixer design is summarised in
[126].

Y

Lo

\ Alignment
structure

Figure 3.21: 3D-EM model of the 4.7-THz fundamental mixer circuit misaligned
by 5 um in the waveguide housing.

The sensitivity of the mixer’s performance to misalignment caused during
circuit assembly is discussed in Chapter 4. The integrated mixer circuitry
was manually assembled in the mixer block using a microscope, with 1-2 pm
alignment tolerances. Achieving such precise alignment is highly challenging.
Although alignment cavities, see Fig.3.24 and asymmetric membrane designs
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Chapter 8 Design and assembly of terahertz diode mizers

were implemented to aid the alignment, the circuit remains susceptible to
misalignment in the +x-direction, as shown in Fig. 3.21.

3.5 Circuit fabrication

Fig. 3.23 and 3.22 shows the scanned electron micrograph of the planar, inte-
grated fundamental mixer circuit on the supporting GaAs substrate fabricated
by Mr. Vladimir Drakinskiy. [Paper B| presents the detailed fabrication pro-
cess.

Figure 3.22: Scanned electron microscope (SEM) picture of 3.5/4.7 THz funda-
mental mixers highlighting the A/4 stub and mesa.

Figure 3.23: SEM picture of the 3.5-THz, x6-harmonic mixer after releasing from
the supporting substrate.
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3.6 Mixer housing

The mixer was machined in an E-plane split aluminium block using a high-
speed, micrometre precision CNC milling tool (KERN Evo) by Mr. Mats
Myremark. For details of the milling tools used in this process, refer to [Paper
BJ]. The mixer blocks were cleaned with an acetone and isopropanol solution
in an ultrasonic bath, etched, and finally, sputtered with a 0.5-um gold layer
as shown in Fig. 3.24a. The sidewall of the mixer block that includes the
diagonal horn aperture was slanted by a 10° angle to redirect the reflected
incoming signal as shown in Fig. 3.24b.

Figure 3.24: a) The micrograph of the harmonic mixer’s E-plane split block (bot-
tom part) shows the WM-64 waveguide and 25 pym channel. b) Pho-
tograph of the harmonic mixer block.

This was modified in the later iterations to reduce the optical feedback
between the mixer and QCL. Fig. 3.25 shows the CAD model of the 4.7-THz,
x 8 harmonic mixer with integrated pyramidal horn and the assembled mixer
is shown in Fig. 5.10.

3.7 Circuit assembly

The integrated harmonic and fundamental mixer circuits were assembled on an
E-plane split block. The beamleads aid in heat transfer from the diode to the
surrounding metal and provide mechanical support as the integrated circuit
is suspended in the block, as shown in Fig.3.26. The IF beamlead is punched
into the quartz circuit using a ceramic wedge. The quartz circuit and the
PCB are connected using a small bond wire, and finally, the SMA connector
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| CHALMERS

Figure 3.25: a) CAD model of the 4.7-THz, x8 harmonic mixer. b) Photograph of
the machined 4.7-THz harmonic mixer blocks with integrated pyra-
midal horn.

is soldered to the PCB board. The harmonic mixer block is connected to the
600-GHz LO multiplier chain as shown in Fig. 3.27b.

Figure 3.26: 3.5-THz fundamental mixer a) Aluminium block sputtered with gold
b) Integrated mixer circuit assembled on an E-plane split-block.

50



3.7 Circuit assembly

agonal #
horn aperture

Figure 3.27: Photograph of the harmonic mixer connected with the 600-GHz, LO
multiplier chain. The aperture of the 3.5-THz diagonal feedhorn is
indicated in the picture.

o1






Chapter 4

Diode and mixer
characterisation

This chapter outlines the measurement techniques employed to assess diodes
and mixers’ DC and RF performance in this thesis.

4.1 DC characterisation

Estimation of parameters such as diode series resistance R, ideality factor
71, and saturation current I, are crucial to model the Schottky-barrier diode’s
non-linear DC behaviour. For accurate Ry measurements, removing the addi-
tional resistance (e.g., probe contact resistance) is essential, which is achieved
by using four-point or Kelvin probe sensing. It consists of force-and-sense
probe pairs used for current carrying and voltage sensing, respectively, as
shown in Fig. 4.1a. A static current-voltage (I-V) measurement is carried out
by either varying the DC voltage or current, refer to Fig. 4.1b. Self-heating
effects in semiconductor devices considerably affect device performances [127].
In particular, the extraction of these parameters is greatly influenced by tem-
perature variations in the Schottky junction. To isolate the effects of self-
heating, pulsed I-V measurement is widely used. A voltage or current pulse
with a width less than the device thermal time constant 7, is applied across
the diode. The thermal time constant is 745, = Ry, Cypn, where, Ry, and Cyp
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Chapter 4 Diode and mizer characterisation

are thermal resistance and capacitance, respectively.

107° T+ Measurement
il —
S Biso0A < 106 |-
K =
\ 1070
—
=i ‘ p
10712} 8
—15 | | |
10 -1 =05 0 0.5 1
Voltage (V)
a) b)

Figure 4.1: DC characterisation. a) Illustration of the DC measurement setup and
the principle of four-terminal sensing. b) I — V measurement of a
Schottky diode with sub-micron anode area.

Before releasing the integrated mixer circuits from the wafer, static I-V
measurements were performed on-wafer using Kelvin probes at room temper-
ature. The following parameters were extracted [128] by fitting the IV curves
from the ideal diode model with the measurements shown in Fig. 4.1b.

4.1.1 Direct diode model parameter extraction

The diode I-V equation for forward bias V; > kpT/q can be simplified to,

V-
Id = I] = Is eXp(n?{jBJT) (41)

where, V; = V4 —I4R,. Typically, the ideality factor 7 is extracted from the
slope of the I-V curve in logarithmic scale where R, can be neglected [129].
From the two measured points (I1, I2) highlighted in Fig. 4.2,  was extracted,

_ g (Va—W)
T kT (/1)

The saturation current is given by,

(4.2)
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4.1 DC characterisation

;o II(V2/V2—V1)

2(V1/V2—V1) (43)
10—3 5 D
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Figure 4.2: Direct extraction. I-V measurement data of 3.5-THz harmonic Schot-
tky barrier diode mixer circuit with anode area 0.11 pm?.
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Figure 4.3: Least-square method. The horizontal lines indicate the range for ide-
ality factor extraction.
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The effect of series resistance is observable in the forward bias, refer Fig. 4.2
and is estimated by,

R, === (4.4)

The extracted diode DC-parameters by direct method are n = 1.3, Ry =
60 Q, and I, =5 fA. Further optimisation is carried out using a least-square
method shown in Fig. 4.3. The extracted diode DC-parameters by least-square
method are n = 1.25, R; =50 Q and I, =3 fA.

4.2 Conversion loss measurements

Conversion loss describes how efficiently a mixer converts the energy from the
input RF frequency to the output IF frequency. The mixer conversion loss is
given as the ratio of the IF output power to the RF input power for a given
LO pump condition:

I PRF in

o 45
Pir out (4.5)

where, Prpin and Pirout are input RF frequency and output intermediate
frequency respectively. When no energy is dissipated in the out-of-band fre-
quencies, the theoretical limit of the conversion loss is 3dB for a DSB mixer
[130]. The mixer conversion loss is degraded due to various factors such as
diode series resistance, self-heating effects [131], power loss into frequency
bands other than the IF, and loss due to reflection at the input and output
ports. Note: Frequency converters utilising higher harmonics for mixing have
higher conversion loss.

4.2.1 Power-meter method

This is the most common method for characterising a mixer’s conversion loss.
External signal sources generate RF and LO signals. The desired IF signal
is obtained using a band-pass filter. Absolute power measurements of the IF
and RF signals are carried out using a power meter or spectrum analyser to
estimate mixer conversion loss. Insertion loss of the cables and band-pass
filter is estimated using a VNA.
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4.2 Conversion loss measurements

4.2.1.1 Absolute power measurement

Absolute power measurements at THz frequencies have been challenging due
to slow response time, atmospheric attenuation, poor sensitivity and temper-
ature drift. This section describes the protocol for guided (waveguide) and
free-space power measurements at millimetre-wave and terahertz frequencies
[132].

Erickson power meter

The Erickson power meter is a calorimeter-based waveguide power sensor that
works from ~75 GHz to THz range [133]. It measures the temperature rise of
a well-matched wideband absorber corresponding to the applied input power.
The main advantage of calorimetry is that it is insensitive to frequency. How-
ever, for measurements above the WR-10 band (75 - 110 GHz), a waveguide
taper transition is required to connect the power meter head to the device un-
der test (DUT). Also, it is crucial to consider the losses in the 1-inch WR-10
waveguide attached to the power meter head and the waveguide taper.

Thomas Keating power meter

The TK power meter is based on an acousto-optic sensor for free-space mea-
surements ranging from 30 GHz to 5 THz. The system has noise equivalent

Measurement Measurement
reference reference
plane plane

,  Mixer ,

| |

| |

| Band-pass| i RF

! filter | power
i ! |__meter
] ]

] ]

LO

Figure 4.4: Schematic of the power-meter method.
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power (NEP) of about 5 yW Hz'/2. The suggested power measurement pro-
tocol is as follows:

e The beam should be amplitude modulated at its source or by a mechan-
ical chopper operating at 10 to 50 Hz modulation frequency.

e The incoming signal is incident at the Brewster angle to avoid reflections
from the power meter sensor head.

o Use frequency-dependent window loss correction.

4.2.2 Three-mixer method

The ‘three-antenna’ method proposed by Beatty [134] was adapted to charac-
terise mixers. The method for conversion loss extraction is explained in this
section.

VNA Kgg

Up-conversion — ?2 Down-conversion

e S0 Ve

L BPF —

LO, RF RF 'LO,

IF IF

Mixer i S,
&
Mixer S, 09—

Figure 4.5: Schematic of the three-mixer measurement method.

By the 'magnitude reciprocity’ principle, the mixer up- and down-conversion
loss are assumed to be the same (|Li¥ = Ld°w"|). Mixer 7 is used for the
frequency up-conversion (i.e.) to generate an RF signal frr = fro £ fir.
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4.2 Conversion loss measurements

Then, the RF signal is down-converted by mixer j. This process is repeated
for three different mixers, and the total signal transfer loss is measured. It
results in a system of linear equations (Ax = b) as shown below, and the
conversion loss of the three mixers L;, L; and L can be obtained. In ideal
cases, when the mixer conditions are identical, we have a square matrix with
three measurements and unknowns, yielding a unique solution.

11 0] [L L
10 1| |L;| =Lt
0 1 1] [Ly Lt

Fig. 4.5 shows the simplified schematic of the ‘Three-mixer’ method; at low
frequencies, a band-pass filter can achieve single side-band mixer operation.
However, at THz frequencies, due to a lack of filters, a frequency offset was
introduced in one of the LO frequencies fr,o +2f;r [Paper C|. However, in the
measurements described in paper [C], one of the mixers was measured under
different LO conditions. Therefore, it resulted in a non-square matrix, and
the least-square method was used to solve the equation system.

4.2.3 Y-factor method

The Y-factor method is a standard measurement technique to measure the
noise temperature of a receiver [122], and a simplified schematic is shown in
Fig. 4.6.

Two blackbody calibration targets with known temperatures are employed,
and the system output power is measured for both. By assuming the receiver

\ Device Power
| Under meter
Tcold TeSt

NAA%

Figure 4.6: Schematic of Y-factor measurement setup.
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has a linear response to change in the input noise temperature, the receiver
noise temperature is calculated as follows:
Thot - YTcold

Phot
Tree = ——— d Y =
y—-1 ™ Protd

Performing noise temperature measurements above 1 THz is challenging
due to high mixer noise temperature, atmospheric attenuations, and poor
Gaussian beam coupling [31]. The lock-in technique described in [31] allows

(4.6)

repeatable measurements, improves the system accuracy, and can evaluate
high DSB receiver noise temperature (=~ 500000 K) [118].

In a heterodyne receiver, the mixer is followed by an IF amplifier, and then
the receiver noise temperature is given by,

Tree =Ty + LyTrr (4.7

where Th; and Lj; are the mixer noise temperature and conversion loss and
Trr is the noise temperature of the IF amplifier. The mixer conversion loss
can be determined by measuring a range of IF noise temperatures by placing
an attenuator in the IF chain. Using linear least square fit, Th; and Lj; are
obtained.

4.3 Video detection

Video detection is a simple method of using a diode to detect a signal by
rectifying the input AC signal to create a DC voltage proportional to the
signal power. The DC voltage or video response Vg, as shown in Fig. 4.7, is
the shift in the diode’s IV response from un-pumped (without LO signal) to
pumped (with LO signal) condition. The voltage responsivity of a diode is
given as,

Vr

Y = 4.
R, =5 (43)
For an ideal diode with no parasitic elements, the video response is given
by [135],
nkT qVac
Vg = —In|J 4.9
Ty n{o(nkT)] (49
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Figure 4.7: Comparison of a fundamental mixer’s pumped and un-pumped mea-
sured IV curves with 0.1 um? Schottky barrier diode at 3.5 THz.

where Jj is the modified Bessel function of the first kind, V. is the junction
voltage’s AC component. The two limits of this equation,

ln[Jo(cvac)]“{(ogm) et (4.10)

CVye, for (C'Vge) — o0

The video response is proportional to the power (square-law region) for
small AC voltages. For large AC voltages, it is proportional to the voltage or
square root of the power (linear-detection region).
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Chapter 5

Results

The first part of this chapter presents the experimental setup for characterising
THz harmonic mixers from 2-5 THz. Measurement results are compared with
the large-signal harmonic balance simulations to gauge the accuracy of high-
frequency modelling techniques employed in this work and determine the cause
of the discrepancies. The challenges in realising 3.5/4.7 THz fundamental
mixers are discussed. Direct detection and preliminary noise temperature
measurement results are presented. In the final part of the thesis, the impact
of E-plane misalignment on the THz diagonal horn is studied, the near-field
antenna measurement setup is described, and the results are compared to
the simulated far-field radiation pattern of a WM-570 diagonal horn, showing
excellent agreement.

5.1 Harmonic mixers

Before releasing the integrated mixer circuits from the substrate, static I-V
measurements were performed on-wafer using Kelvin probes at room tempera-
ture. Following this, the integrated mixer circuit was mounted onto the mixer
block using the alignment structures, as shown in Fig. 5.1. Note the Kelvin
probe marks on the beamlead to the left. The top and bottom halves were
aligned with the aid of mechanically integrated guide structures, and finally,
I-V measurements were conducted to verify the functionality of the mixer.
The RF characterisation setup for evaluating the harmonic mixer is de-
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Figure 5.1: Micrograph of the integrated harmonic mixer circuit with 0.11 pm?
Schottky contact area assembled on the mixer block (x6HM35-01).

scribed here. The 3.5/4.7-THz QCLs are placed in a compact Sterling cry-
ocooler, which provides thermal stabilisation as shown in Fig. 5.2a. The
typical operating temperature of the QCL is around 50 K with temperature
stability =~ 1 mK. The signal from the QCL was focused on the harmonic
mixer using a Polymethylpentene (TPX) lens. The harmonic mixer has an
integrated diagonal horn that couples the incoming THz signal to the single-
ended Schottky diode. The harmonic mixer was pumped using a 600-GHz,
x 64-active multiplier chain based on three cascaded Schottky x2 MMIC mul-
tipliers from Chalmers University of Technology and a commercial x8 active
E-band drivers from Millitech (Smiths interconnect). The available output
power of this multiplier chain versus frequency is presented in [Paper BJ.

The harmonic mixer and the last multiplier stage are connected through
WM-380 (WR-1.5) waveguide interface with UG-387 flange designation [136].
The output power from the 600-GHz multiplier chain is measured using an
Erickson power meter (PM5). A bias-tee was used to apply DC voltage to the
harmonic mixer. The IF signal generated from the mixer is amplified using
a low noise amplifier (LNA), and the signal is read out using a spectrum
analyser.
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5.1 Harmonic mizers

5.1.1 3.5-THz, x6-harmonic mixer

The THz beam from the QCL was focused using a TPX lens with an opti-
mum beam waist of 165 pm [63]. The beam profile was evaluated using a
microbolometer camera, as shown in Fig. 5.3. The side lobes are caused due
to the diffraction from the lens.

The harmonic mixer connected to the 600-GHz multiplier chain was then
aligned using an XYZ micrometre stage. The absolute power measurement
was carried out using a Thomas Keating power meter at the mixer interface,
eliminating the need to de-embed the atmospheric attenuation at 3.5 THz and
loss from the lens. The THz beam from the QCL was amplitude-modulated
using a mechanical chopper with a frequency of 15 Hz. The TPX lens was
used to focus the beam, and the power meter head was aligned so the incoming
signal was incident at the Brewster angle; see Chapter 4. The frequency of

Cryocooler

DC voltage

3.5-THz
X6-harmonic
Schottky mixer
600-GHz, »
Gx 64 LO multiplier « LO

Bias-tee

600-GHz
LO multiplier
chain

3-dB

Frequency power
synthesizer splitter

Figure 5.2: RF harmonic mixer characterisation. a) A photograph of the measure-
ment setup. The QCLs are placed in a Sterling cryocooler, and the
THz beam generated from the QCL is focused on the harmonic mixer
using a TPX lens. b) Schematic of the setup.
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the QCL was determined with high precision (< 1 MHz) by measuring the
absorption of the QCL radiation guided through an absorption cell filled with
methanol (CH3OH) and comparing this spectrum with a reference spectrum
of methanol [36].

Figure 5.3: Picture of the THz beam profile from 3.5-THz QCL measured using
a THz camera. The aperture of the RF diagonal feed horn of the
harmonic mixer is indicated as a black line. The measured beam waist
was ~ 170 pm.

5.1.1.1 Conversion loss measurements

The conversion loss of the harmonic mixer was determined by taking the
difference between the RF and IF power. Losses in the cables, as well as
the connectors and LNA’s gain, were considered. The applied DC voltage to
the mixer and LO power is varied, and the corresponding conversion loss is
plotted as a 2D contour in Fig. 5.4. At low LO power and bias, the conversion
is higher than 100 dB. Increasing the LO power or DC bias improves the mixer
performance. Conversion null features, caused by the destructive interference
of competing mixing products, are also observed [137]. The current safety
limit of the diode (1 mA) sets the higher limit on the LO power and DC bias
that can be applied to the mixer. Conversion loss contours versus LO power
and bias of mixer x6HM35-01 measured at an IF of 200 MHz, an RF of 3.443
THz, and for an LO signal at 573.3 GHz is shown in Fig. 5.4a. The measured
RF power at the mixer interface was about —3 dBm, and the available LO
power was about 5.6 dBm at 573 GHz. A large-signal harmonic balance
simulation was performed to understand the harmonic mixer’s performance,
and Fig. 5.4b shows the conversion loss contours.
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Figure 5.4: 3.5-THz, x6-harmonic mixer. Conversion loss measurements of mixer
x6HM35-01 with Schottky diode of contact area 0.11 um?. a) Mea-

surement, b) Simulation.
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Figure 5.5: Comparison of conversion loss versus bias from measurements of
x6HM35-01 and simulation at 5.2 dBm LO power.

The diode model in the simulation was assigned with parameters extracted
from the DC measurements (Rs; = 50 Q, n = 1.24, Iy = 9 fA) and a junction
capacitance C; = 0.35 fF. The simulated conversion loss contours are pre-
sented in Fig. 5.4b. A vertical cross-section from the measurements Fig. 5.4a
and simulations Fig. 5.4b were taken at a constant LO power 5.2 dBm, and
the corresponding cross-section is presented versus bias as shown in Fig. 5.5.
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Note: the simulated conversion loss was about 45 dB. As discussed in [Paper
B], considering losses in the high-doped buffer resulted in an additional loss
of 5 dB. Fig. 5.5 was reproduced by including the losses in the LO access
waveguide and IF chain and by assuming an additional loss of 8 dB on the
RF side. This loss stems from several factors, which include optical coupling
between the QCL beam and the RF diagonal feed horn [63], and conductor
loss in the waveguide. However, a significant part of the discrepancy between
model and measurement could be due to possible air gaps in the split plane
of the mixer block. In addition, at high LLO power levels, self-heating effects
will also contribute to additional losses [131].

Fig. 5.6a shows the conversion loss versus IF. The synthesiser’s input fre-
quency was varied, changing the LO frequency while the RF was kept con-
stant. In the first case, bias was kept constant, and the conversion loss was
measured for different intermediate frequencies. In the second case, the bias
was varied to obtain optimum conversion loss for each IF. The lowest mea-
sured conversion loss was 58 dB at an IF of 10 GHz. Fig. 5.6b shows the beat
signal spectrum recorded with a resolution bandwidth of 510 kHz and a video
bandwidth of 10 kHz. Both 3.5/4.7-THz QCLs were phase-locked, and the

80
_ —e— 0.5 V bias | (RBW =510k
%«/ —8— Optimum bias .
2 70| =
< S —d0f
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.z g
g 60 S
> A —60
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Intermediate frequency (GHz) Frequency (MHz)
a) b)

Figure 5.6: 3.5-THz, x6-harmonic mixer. a) Conversion loss versus IF b) Down-
converted IF signal at 200 MHz from the harmonic mixer recorded with
a resolution bandwidth of 510 kHz and a video bandwidth of 10 kHz.
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Figure 5.7: 3.5-THz, x6-harmonic mixer. Conversion loss measurements of mixer
x6HM35-02 with Schottky diode of contact area 0.14 um?.

experimental results are summarised in [36].

A second mixer was tested (x6HM35-02), which showed similar performance
in terms of conversion loss under different LO pump power and bias conditions
as shown in Fig.5.7a. Cross-sections along the x-axis are presented in Fig. 5.7b
as line plots at different bias conditions showing the conversion loss roll-off at
low LO power, followed by several peaks and valleys.

5.1.1.2 Measurement at 4.7 THz

The x6HM35-01 mixer was evaluated at 4.734 THz, and using the 8" har-
monic of the LO signal, an IF signal at 3.7 GHz was generated. The measured
RF power from 4.734-THz QCL was about —2.2 dBm, and the operating tem-
perature of the QCL was about 50 K. At 592.3 GHz, the available LO power
from the multiplier chain is about 4.6 dBm. The DC bias applied to the mixer
via bias-tee is varied, and the mixer conversion loss is plotted versus DC bias
for a constant LO power, as shown in Fig. 5.8. At 0.4 V, a conversion loss of
about 76 dB was measured.
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Figure 5.8: Measured conversion loss of x6HM35-01 at 4.734 THz versus DC bias
at constant LO power of 4.6 dBm

5.1.2 4.7-THz x8-harmonic mixer

Compared to the previous mixers with integrated diagonal horns, the new
4.7-THz, x8-harmonic mixer design incorporates a pyramidal horn to miti-
gate sensitivity to E-plane misalignment that previously impacted mixer per-
formance [Paper E].

Building on prior experience, an optimised design process was carried out.
The radial LO probe was fine-tuned to achieve wideband LO matching with
the diode at around 600 GHz [138] as shown in Fig. 3.1. The limited con-
ductivity in the GaAs buffer layer was considered in the EM model. The
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Figure 5.9: 4.7-THz x8-harmonic mixer. Simulated Conversion loss versus fre-
quency for £10% variation of junction capacitance.
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simulated conversion loss versus frequency for +10% variation of junction ca-
pacitance is plotted in Fig. 5.9. The nominal junction capacitance is about
0.3 fF. The diode model incorporated the following measured DC parameters:
R;=75Q,n=1.24,and I, = 2 fA. Large-signal simulations were performed
at an IF of 200 MHz, with an LO signal around 592 GHz, LO power of 4 dBm,
and a bias of 0 V. Note: the available signal power from the multiplier chain
at 592 GHz is 4.3 dBm. The conversion loss peak observed at 4.54 THz varies
with pump and bias conditions [119]. The micrograph of the ongoing mixer
assembly (when this thesis is written) is shown in Fig. 5.10.

IF
Impedance
transformer |

“Schottky 4

Figure 5.10: 4.7-THz, x8-harmonic mixer circuitry assembled in the bottom E-
plane split block.

5.2 Broadband conversion loss measurements

The lack of wideband, tunable sources at THz frequencies limits the char-
acterisation of mixers over a wide range of frequencies. In Paper [C], the
‘three-antenna method’ proposed by Beatty in 1967 [134] was adopted to
characterise THz harmonic mixers. This experiment features WM-86, x4-
harmonic mixers from VDI with integrated diagonal horns. These mixers
have a standard diagonal configuration, approximately 5 mm long with a 0.56
mm x 0.56 mm aperture size, and a beam waist radius (w,) of 0.21 mm [64].
Each mixer is biased with a constant current of 350 A and is pumped using
WM-380 VDI frequency extenders in the 550-750 GHz range. To perform
SSB measurements, a frequency offset is introduced at fro + 2frp.

As depicted in Fig. 5.11, the mixers were aligned head-to-head rather than
in a quasi-optical setup. This alignment approach introduces two main limita-
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Figure 5.11: Photograph of the experimental setup showing VDI’s WM86 mixers
with integrated diagonal horn as up and down converter.

tions: a few decibels of coupling loss [63] and the formation of standing waves
within the RF chain. Consequently, correcting for systematic errors arising
from standing waves between the RF ports becomes difficult. The three mix-
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Figure 5.12: WM-86, x4-harmonic mixers: a) Video responsivity; b) Conversion
loss vs. frequency of mixer j. The shaded lines represent raw data,
while the smoothed (blue) line is filtered data [Paper C], and the
black line is from simulation.
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5.2 Broadband conversion loss measurements

ers were characterised iteratively to determine the conversion loss described in
Section 4.2.2 and [Paper C]. This process generates a system of linear equa-
tions, which, once solved, yields the conversion loss of each mixer from 2.2
to 3 THz, as depicted in Fig.5.12b. For comparison, a large-signal harmonic
balance simulation is included using the following measured DC diode param-
eters: Ry =45 Q, n = 1.2, Iy = 2 pA and C; = 0.75 fF. The simulation
assumes a constant LO pump power of 0.1 mW, resulting in a flat conver-
sion loss response. The video responsivity of the three mixers was measured,
showing peak responsivity in the 600-650 GHz range, as shown in Fig. 5.12a.
There is a clear correlation between responsivity and conversion loss response,
with minimum conversion loss occurring in the 2.4-2.6 THz range, aligning
with the peak responsivity.

5.2.1 Validation

Experimental characterisation of three WR-15 sub-harmonic (x2) mixers from
VDI was carried out to validate the three-mixer method. An isolator was used
to mitigate the standing waves between the mixers, as shown in Fig. 5.13. The
results were compared with the standard single-mixer measurement performed
with a calibrated source plotted in [Paper CJ.

Figure 5.13: Validation using WR-15 VDI sub-harmonic mixers.
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5.3 3.5-THz and 4.7-THz fundamental mixers

Realisation of fundamental mixers above 2 THz is challenging due to the high
LO power requirements to pump the mixer. The 3D-EM design of both the
fundamental mixers is presented in Section 3.17 and [Paper D]. The simulated
conversion loss and RF return loss versus frequency are shown in Fig. 5.14.
The estimated junction capacitance is 0.35 fF for an anode area of 0.11 pm?,
and the corresponding change in mixer performance for 10 % variation is
presented in Fig. 5.14. The following parameters were used in this simulation:
Rs =50 Q, n =1.25, and I4,; = 3 fA, LO power of 0 dBm and DC bias of
0.7 V.
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Figure 5.14: 3.5-THz fundamental mixer - Simulated mixer performance for vari-
ation of junction capacitance. a) Mixer conversion loss, b) RF return
loss.

Fig. 5.15 shows the relative change in the simulated conversion loss of 4.7-
THz fundamental mixer as a function of applied DC bias and LO power avail-
able to the diode. Losses in the waveguide and horn were excluded. This
necessitates the need for providing efficient Gaussian beam coupling to the
mixer. The estimated junction capacitance is 0.3 fF for an anode area of
0.1 pum?2. The following parameters were used in this simulation: Ry = 75 €,
n = 1.25, and Iz, = 3 fA.
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CL (dB)
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LO power (dBm)

Figure 5.15: 4.7-THz fundamental mixer. Variation of conversion loss with LO
power and DC bias.

5.3.1 Sensitivity to assembly variations

To understand the implications of circuit misalignment during assembly, the
4.7-THz fundamental mixer circuit was misaligned by 5 pm as shown in
Fig. 3.21. At 4.74-THz, the conversion loss degraded by 6 dB, indicating
the importance of achieving good alignment with 1-2 ym tolerance.
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Figure 5.16: 4.7-THz fundamental mixer. Simulated conversion loss versus fre-
quency for perfectly aligned and misaligned mixer circuit in the mixer
housing.
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5.3.2 Direct detection

The SEM picture of the 3.5-THz fundamental mixer circuit realised on a 2-pm
GaAs membrane before being released from the supporting substrate is shown
in Fig. 5.17. The general procedure described in Section 5.1 is followed for
mixer assembly and functionality verification.

EHT= 500KV Signal A= SE2 Date 24 Nov 2021 = M
WD = 19.8 mm Mag= 840X Tirme 10:47:19 ‘

Figure 5.17: SEM picture of the 3.5-THz fundamental mixer circuit on the sup-
porting wafer.
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Figure 5.18: Video signal measurements. a) 3.5-THz fundamental mixer b) 4.7-
THz fundamental mixer.

The mixer was mounted on a combination of a 3-axis stage with a resolution
of 250 pum per revolution and a multi-axis stage from Thor labs, featuring a
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5.3 3.5-THz and 4.7-THz fundamental mizers

tip and tilt resolution of £5° and a rotation resolution of +10°. Precise
adjustments were made to maximize the video signal response, monitored
using an oscilloscope and a lock-in amplifier [139]. Figure 5.18a shows the
recorded video signal as a function of the applied DC voltage alongside the
diode’s corresponding I-V response. The current safety limit was set to 1 mA.

5.3.3 Noise temperature measurements

For noise temperature measurements, an off-axis parabolic mirror was used
to focus the THz signal from the QCL. The signal was then split using a
beam splitter, directing maximum power from the QCL to the fundamental
mixer via a Martin-Puplett diplexer, as shown in Fig. 4.6. The remaining part
of the signal was routed to the Schottky harmonic mixer for QCL frequency
stabilisation. The total path length from the QCL to the fundamental mixer
was approximately 80 cm, and the whole setup was purged with nitrogen.
The QCL power at the mixer interface, measured with a Thomas Keating
power meter, was about 5 mW at 3.5 THz. Preliminary noise temperature
measurements carried out by DLR for the 3.5-THz fundamental mixer show
a DSB noise temperature of around 140000 K.
3.5-THz >

.. QCL in cryocooler " 5

4 |

fundamental [ < 4 \ 3 Diagonal |
{

1

|

mixer horn
o

Figure 5.19: 3.5-THz fundamental mixer. Noise temperature measurement setup.
The inset shows the 3.5-THz fundamental mixer with an integrated
diagonal horn. (Courtesy of DLR).

For the 4.7-THz fundamental mixer, very low video signal response was
measured, see Fig. 5.18b; therefore, noise temperature could not be mea-
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sured. The discrepancies between measurement and EM simulation were at-
tributed to high losses in the RF chain. Hence, a scaled-down measurement
was performed at 470 GHz to quantify the impact of E-plane misalignment
on diagonal horns.

5.4 Sensitivity analysis of THz horn antennas

A key challenge in realising components above 2 THz is its sensitivity to
machining tolerances even in the order of a few microns. Asymmetry in con-
structing E-plane split-block components can lead to a detrimental impact on
performance, yielding poor Gaussicity in multi-mode feed horns, as shown in
Fig. 5.20. The diagonal and pyramidal horn designs are discussed in Chap-
ter 3, and the smooth-walled conical spline horn design is based on [140]. In
[Paper E|, the effect of E-plane misalignment on THz diagonal horn antennas
is experimentally quantified.

5.4.1 Diagonal horn

The diagonal horn’s performance relies on the phase and amplitude balance
between the two propagation modes TE;g and TEg;. Consequently, any form
of asymmetry within the cross-section, such as that induced by misalignment
in the E-plane, can result in different phase velocities for these modes. Conse-
quently, this mismatch leads to a high cross-polarisation component, thereby

100 T
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60
== Diagonal
40 Spline
=0— Pyramidal
20
0 0.032X, 0.064X,

E-plane misalignment (pm)

Figure 5.20: Effect of E-plane misalignment on commonly used THz horn anten-
nas.
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compromising the antenna’s performance [141]. The E-plane misalignment
is illustrated in Fig. 5.21. The magnitude of the co- and cross-polarised E-
field at the aperture of the horn obtained using Eq. 2.5 is shown in Fig. 5.22.
The analytical equation for determining the phase and amplitude imbalance
caused by the E-plane misalignment is derived in Paper [E].

d 428 d-\23

25

-5
a) b)

Figure 5.21: Illustration of E-plane misalignment in diagonal horn antennas. a)
aligned and b) misaligned case.

A standard WM-570 diagonal horn was designed as described by Johansson
and Whyborn [72]. A square aperture with the side, d = 2.86 mm, length L =
15 mm, and corresponding flare angle § = tan~'(d/y/2L) = 7.7° were used.
The EM simulation of the horn was carried out by assigning a finite conductive

Figure 5.22: Magnitude of the electric field at the aperture of the horn obtained
using Eq. 2.5. a) Copolar b) Cross polar.

79



Chapter 5 Results

boundary (aluminium) with electrical conductivity ¢ = 3.8 x 107 S/m. A
radiation boundary box was placed at the end of the horn to obtain the far-
field responses. Simulated directivity is about 21.5 dB, and the E-plane half-
power beam width is 13° at 400 GHz.
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Figure 5.23: Copolar and cross-polar directivity of aligned and misaligned diagonal
horn antennas at 400 GHz. a) E-plane (¢ = 0°) and b) D-plane

(¢ = 45°).
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Figure 5.24: 3-D radiation pattern of aligned and misaligned diagonal horn anten-
nas at 400 GHz. a) (Left) Copolar pattern and (Right) Cross-polar
pattern of the aligned antenna with a null in the boresight. b) (Left)
Copolar pattern and (Right) Cross-polar pattern of the misaligned
antenna.
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Fig. 5.23 shows the simulated far-field radiation pattern of the co and cross-
polar component of the diagonal horn at 400 GHz, respectively, for both
aligned and misaligned cases. Fig. 5.23a shows the copolar directivity for the
E-plane cut (¢ = 0°), and the peak directivity reduces by 2 dB when the
antenna is misaligned by 40 pm. In Fig. 5.23b, we see a null in the cross-
polar component at boresight as expected for the aligned case [72], [142] and
when misaligned, shows an increased cross-polar component at the boresight
as shown in Fig. 5.24b.

5.4.1.1 Theoretical analysis

When the split blocks are misaligned, the two corresponding TE modes will
have different propagation phase constants (87, f7) and wave impedances,
creating an imbalance along the length of the diagonal horn g—é? =/Q - el®.
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Figure 5.25: Amplitude and phase imbalance in a diagonal horn due to E-plane
misalignment.

The phase imbalance between the two modes at the aperture [Paper E] can
be expressed as,

o= [ (52— )a:
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_ /Ll k2 — (4-7;%)2 - \/k2 - (Zili\%)z] dz (5.1)

The amplitude imbalance is estimated based on the assumption that the
power imbalance only depends on the ratio of mode impedances at the throat
and using the power-voltage characteristic impedance definition, refer [Paper
E] for a detailed explanation, the power balance (2) is defined as,

Z~ (=)

2= 7 ()

5.4.1.2 Mechanical design

The horn antenna was realised in an E-plane split aluminium block. A 45°
chamfer was implemented on the aperture plane to redirect the reflected signal
away from the optical axis.

oM | EEam

a) b)

Figure 5.26: CAD model. a) WM-570 diagonal horn with integrated rectangular
waveguide, b) UG-387 flange interface of an open-ended waveguide
probe.
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b)

Figure 5.27: Micrograph showing the WM-570 rectangular waveguide integrated
with the diagonal horn. a) Perfectly aligned, b) Misaligned by 22 pym
and ¢) Misaligned by 40 pm.

Two rectangular guide structures were incorporated onto the top surface of
the split blocks to facilitate accurate alignment. The intentional allowance
in tolerance permits controlled sliding of the blocks, thus enabling effortless
alignment and misalignment of the split blocks.

5.4.1.3 Near-field horn antenna measurements

The near field antenna measurement setup is shown in Fig. 5.28, consisting
of Keysight Vector Network Analyser (VNA) N5242B and WM-570 VDI fre-
quency extenders.

Open-ended
waveguide

1

Frequency S Frequency
extender o extender

Figure 5.28: Near-field antenna measurement setup.

The antenna under test (AUT) was connected on the left side with extender
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1, while the WM-570 open-ended rectangular waveguide was attached to the
right side using extender 2, which was mounted on a motorised linear XY
stage with a step resolution of 2.5 ym. The measurement protocol is outlined
in detail in Paper [E].

The near-field pattern of the diagonal horn was measured, and a standard
near-field to far-field transformation technique (NF/FF) [143], [144] was used
to compute the antenna’s far-field radiation pattern. For cross-polar measure-
ments, a 90° WM-570 VDI waveguide twist was utilised. Fig. 5.29 shows the
comparison between simulation and measurement of cross-polar directivity
across three scenarios: a) aligned, b) misaligned by 22 pm, and ¢) misaligned
by 40 pm. The simulation and measurement data show strong agreement, and
as expected, an increase in the cross-polar component was observed when the
antenna was misaligned.
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Figure 5.29: Comparison of simulation and measurement of cross-polar directivity
in D-plane (¢ = 45°) for three cases. a) Aligned, b) Misaligned by
22 pm, and ¢) Misaligned by 40 pm.

An alternative to the split-block approach is to manufacture horns vertically
in a single solid metal block, which may help reduce high cross-polarisation
levels caused by lateral misalignment. This was demonstrated by Hammar et
al. [140] using a custom broach tool to shape the horn profile at 340 GHz.
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5.4.2 Pyramidal horn

Fig. 5.30 shows the simulated far-field radiation pattern of the co and cross-
polar component of the pyramidal horn at 400 GHz, respectively, for both
aligned and misaligned cases. Due to their ‘single-mode’ operation, pyramidal
horns are much less susceptible to E-plane asymmetries [Paper FJ.
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Figure 5.30: Far-field cuts of pyramidal horn. a) Aligned b) Misaligned by 40 pm.
Copolar pattern of E-plane (red), H-plane (green), D-plane (blue) and
cross-polar pattern in H-plane (black)
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Chapter 6

Conclusion and future
outlook

The advancement of THz heterodyne receivers capable of resolving emission
and absorption lines at THz frequencies with high spectral resolution is critical
for probing the composition, chemistry, and distribution of crucial atmospheric
constituents. This dissertation has focused on the design and characterisation
of THz harmonic and fundamental mixers at 3.5 THz and 4.7 THz. Initially,
a comprehensive large-signal analysis was conducted on x4, x6, and x8 har-
monic mixers operating between 2-5 THz. The impact of idler terminations
(Z- and Y-mixers) on harmonic mixer performance was explored in [Paper
A], presenting the corresponding diode embedding impedances at RF and LO
frequencies. Based on this, a 3D-EM model of the 3.5-THz, x6-harmonic
mixer was designed, and the critical parameters influencing the mixer per-
formance were studied to evaluate the robustness of the design. The key
factors that limit the realisation of mixers at THz frequencies are higher-
order propagation modes and substrate loss. To circumvent this problem, the
integrated mixer circuits were fabricated on a 2-um GaAs substrate. Schot-
tky contact with a sub-micron anode area was defined to reduce the junction
capacitance. The fabricated mixer circuits were assembled on E-plane split
blocks with integrated diagonal horns, and the mixer was pumped by a 600-
GHz x64-cascaded active multiplier chain, resulting in a conversion loss of
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about 60 dB. The conversion loss measurements under various pump and bias
conditions aligned with simulation results as presented in [Paper B], and the
successful phase-locking of both 3.5/4.7-THz QCLs are detailed in [36]. The
harmonic mixer was also employed in the laboratory characterisation of QCLs
that flew in OSAS-B, the first 4.7-THz heterodyne spectrometer on a strato-
spheric balloon, in 2022. [145].

However, the lack of wideband and tunable sources presents a significant
challenge for characterising mixers across a broad frequency range. An al-
ternative method was proposed to address this, and [Paper C] reports the
first experimental demonstration of wideband THz harmonic mixer charac-
terisation. In this study, three WM-86, x4-harmonic mixers from VDI were
characterised using an iterative up-down conversion scheme, with conversion
loss evaluated between 2.2-3 THz. The design and challenges of realising 3.5
THz and 4.7 THz fundamental mixers are discussed in [Paper D]. The dis-
crepancies between measurements and electromagnetic (EM) simulations were
attributed to high losses in the RF chain. A scaled-down experiment was con-
ducted to investigate the impact of E-plane misalignment on a diagonal horn
antenna in the WM-570 frequency band (330-500 GHz), as presented in [Paper
E]. Based on the results, we optimised the harmonic mixer with an integrated
pyramidal horn and the results are summarised in [Paper F].

In the future, it is vital to work on a high-frequency device model to un-
derstand various loss mechanisms, including the effect of self-heating. An-
other critical improvement aspect in future designs is exploring different mixer
topologies. For instance, a balanced mixer topology, such as a cross-bar waveg-
uide, is beneficial as it suppresses amplitude-modulated (AM) noise. Investi-
gating low band-gap materials like InGaAs could also help lower the LO power
requirements. Alternatively, open-structure mounts with planar antennas in-
tegrated with Schottky diodes are an option. A quasi-optical design offers
close antenna integration and eliminates significant uncertainties associated
with fabricating RF/LO waveguides and horn antennas, which can be partic-
ularly challenging at short wavelengths. However, quasi-optical designs have
poor Gaussian beam coupling, which must be addressed.

Developing compact, sensitive THz mixers operating at room temperature
will pave the way for future satellite or balloon missions to detect atomic
oxygen, a critical atmospheric constituent for advancing planetary and atmo-
spheric science research.
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Chapter 7

Summary of appended
papers

This chapter summarises the appended papers and outlines my contribution
to each paper.

Paper A

Effect of Idler Terminations on the Conversion Loss for THz
Schottky Diode Harmonic Mixers

This paper investigates the impact of idler terminations on the conversion loss
of various harmonic mixers operating within the 2-5 THz range. The study ex-
amines the optimum embedding impedances at RF and LO frequencies for dif-
ferent idler configurations: Z-mixers (open termination) and Y-mixers (short
termination). The findings indicate that Z-mixer configurations achieve the
lowest conversion loss compared to Y-mixers, as the idlers have no power dis-
sipation. However, at higher frequencies, the diode’s junction capacitance acts
as a short circuit, making the realisation of a pure Z-mixer impractical.

My contribution: Schottky diode modelling: series resistance and junction
capacitance, large signal modelling of harmonic mixers in different idler con-
figurations, writing - original draft, review and editing.
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Paper B

A 3.5-THz, x6-Harmonic, Single-Ended Schottky Diode
Mixer for Frequency Stabilization of Quantum-Cascade
Lasers

This paper presents the design and characterisation of a 3.5-THz, x6-harmonic
mixer. Based on the theoretical study presented in [Paper A], a 3D EM design
of the harmonic mixer was carried out. A sensitivity analysis was performed
to evaluate the robustness of the design. The integrated harmonic mixer
was realised on a 2-um GaAs substrate and assembled on an E-plane split-
block. The harmonic mixer with 0.11 pm? Schottky contact area exhibited
a conversion loss of about 60 dB and was used in the QCL phase-locking
experiment.

My contribution: 3D-EM design of the 3.5-THz, x6-harmonic mixer, sen-
sitivity analysis, mixer layout for circuit fabrication, CAD drawings of the
mixer blocks, quartz, PCB design and assembly. DC measurements, wafer
mapping, parameter extraction, experimental verification, data analysis and
visualisation, Writing - original draft, review and editing.

Paper C

A Broadband Conversion Loss Measurement Technique for
Terahertz Harmonic Mixers

This paper presents the experimental technique for characterising THz har-
monic mixers over a wide range of frequencies. Three WM-86 x4-harmonic
mixers from VDI were characterised in an iterative up-and-down conversion
scheme, resulting in a linear system of equations. Upon solving it, the con-
version loss was estimated from 2.2 to 3 THz.

My contribution: Experimental characterisation of THz harmonic mixers, val-
idation at mm-wave frequencies, data analysis and visualisation, Writing -
original draft, review and editing
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Paper D

Design and Characterisation of a 3.5-THz Fundamental
Schottky mixers

This paper presents the 3D-EM design and characterisation results of a 3.5-
THz fundamental Schottky diode mixer.

My contribution: 3D-EM design of the 3.5-THz fundamental mixer, sensitiv-
ity analysis, mixer layout for circuit fabrication, CAD drawings of the mixer
blocks, quartz, PCB design and assembly. DC measurements, wafer mapping,
parameter extraction, video signal measurements, and noise characterisation
were carried out by Nick Rothbart (DLR), as well as data analysis and visu-
alisation, Writing - original draft, review, and editing.

Paper E

Impact of E-plane misalignment on THz diagonal horns

This paper quantifies the effect of E-plane misalignment on the widely used
THz diagonal horn antenna. The performance of the diagonal horn antenna
depends on the phase and amplitude balance of TEqg and TEg; modes. Asym-
metries arising when aligning the two E-plane split blocks can cause mode
imbalance, leading to high cross-polarisation levels.

My contribution: 3D-EM design of the diagonal horn, CAD design of the
blocks with intentional alignment and misalignment cases and open-ended
waveguide probe, near-field radiation pattern measurements, data analysis
and visualisation, Writing - original draft, review and editing.

Paper F
4.7-THz Schottky Diode Harmonic Mixer: Design,
Fabrication, and Performance Optimisation

Based on papers [B] and [E], the updated design and characterisation of a
4.7-THz, x8-harmonic mixer is presented. The new design has an integrated
pyramidal horn, which is not sensitive to E-plane misalignment.
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My contribution: 3D-EM design of the 4.7-THz, x8-harmonic mixer, sensitiv-
ity analysis, mixer layout for circuit fabrication, CAD drawings of the mixer
blocks, quartz, PCB design and assembly. DC measurements, wafer mapping,
parameter extraction, data analysis and visualisation, Writing - original draft,

review and editing.
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