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ABSTRACT

Superconductor-Insulator-Superconductor (SIS) mixers are now used regularly in
sub-millimetre astronomical receivers. They have already achieved sensitivity ap-
proaching the quantum limit at frequencies below the superconducting gap of niobium
(~680 GHz). Above that, the mixer performance is compromised by losses, unless
materials with higher superconducting gap are employed in conjunction with the
niobium tunnel junction. In this thesis, we present the development of 700 GHz
niobium SIS mixers, employing a unilateral finline taper on a thin Silicon-On-Insulator
(SOI) substrate. These mixers are broadband with full on-chip planar circuit integra-
tion, and require only a very simple mixer block. They were designed using rigorous
3-D electromagnetic simulator (HFSS), in conjunction with a quantum mixing software
package (SuperMix), and have demonstrated good performance with the best noise
temperature measured at 143 K. Our mixer devices were fed by multiple flare angle
smooth-walled horns, which are easy to fabricated, yet retain the high performance of
corrugated horns. The radiation patterns measured from 600-740 GHz have shown

good beam circularity, low sidelobe and cross-polarization levels.

In this thesis, we also present SIS mixer designs with balanced and sideband
separating capability. These mixers employ back-to-back finline tapers, so that the RF
and local oscillator (LO) signals can be injected separately without a beam splitter.
We have fabricated and tested the performance of the balanced mixers, and analysed
their performance thoroughly. We have also investigated a new method of generating

LO signals by beating the tones of two infrared lasers.

Using the current 16-pixel 350 GHz SIS receiver, HARP-B, we have observed
the 12CO J=3—2 emission lines from two nearby galaxies. An important result we
found is that the 2CO J=3—2 correlates strongly with the 8 um Polycyclic Aromatic

Hydrocarbon emission.
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1

INTRODUCTION

One of the most exciting developments in science after the War is the emergence
of radio astronomy. Radio astronomers exploited the newly developed high-speed
computers, radar and radio communication technologies, to invent new techniques
such as radio interferometry, to achieve high angular resolution observations. These
developments have resulted in many key discoveries, including the Cosmic Microwave
Background (CMB), quasar and interstellar gas, setting the scene for understanding

astrophysical and cosmological problems.

The advancement of techniques developed for radio astronomy to work at higher
and higher frequencies, enhanced the interest in studying astronomy in the millimetre
(mm) and sub-millimetre (sub-mm) wavebands. Although impressive observations
at centimetre and radio wavelengths have made progress and important discoveries
over an extended period, the arrival of sub-mm astronomy needed to await for the
development of new types of heterodyne detectors. A major breakthrough was made
when the quantum mixing based on Superconductor-Insulator-Superconductor (SIS)
detectors was invented during the 1980s, giving a substantial improvement in the
sensitivity of receivers at these frequencies. This, together with the ever improving
technology in cryogenics, fabrication, machining and electronics, have made possible

the construction of a new generation of millimetre and sub-mm heterodyne receivers
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with unprecedented sensitivity. New millimetre and sub-mm telescopes were built at
high and dry sites enabling, for the first time, astronomical observations from about

100 GHz to 1 THz.

A high performance sub-mm telescope relies on a number of key components, in
particular highly sensitive detectors, since the astronomical signals from the sky are
extremely weak. In this thesis, we describe our contributions to develop technologies
for sub-mm instrumentation. These include the development of coherent detectors,
and also work on front end feeds and local oscillators, which form an integral part
of a coherent receiver system. In the last part of the thesis, we present astronomical
observations of nearby galaxies that we have made at sub-mm wavelengths and the
resulting scientific achievements. These observations were undertaken using the
existing sub-mm receiver HARP-B (Heterodyne Array Receiver Project) on the world’s

largest single-dish sub-mm telescope, the JCMT (James Clerk Maxwell Telescope).

In what follows, we shall briefly review the background of sub-mm astronomy,
followed by a brief description of selected sub-mm telescopes, with emphasis on the
concept of the heterodyne receiver and the use of SIS tunnel junctions as coherent

detectors.
1.1 SUB-MILLIMETRE ASTRONOMY

Almost half of the energy generated by the visible stars and galaxies is absorbed
by the surrounding dust and re-emitted at far-infrared and sub-mm frequencies. A
unique feature of sub-mm observation is that the interstellar dust that obscuring many
interesting sites becomes transparent in this range (at certain frequencies), especially
around the dense molecular clouds which are the birth chambers of protostars. Direct
observation into these dense cores offers valuable information of how these giant
molecular clouds (GMCs), typically having masses about 10°M,, form stars and
planetary systems (e.g., Shu et al., 1987). These local universe objects are normally
composed of cool matters at around 10-100 K, with their blackbody radiation peaking
in the sub-mm and far-infrared regions. The background in Figure 1.1 is an example

of the composite sub-mm images taken by the Herschel Space Telescope of the Orion
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Nebula showing clusters of hot, bright young stars warming up the surrounding gas

and dust.

The main constituent of these molecular clouds and the surrounding interstellar
medium (ISM) is molecular hydrogen (H;), which fuels star formation but does
not emit strongly due to a lack of a permanent dipole moment. However, mm
and sub-mm wavebands contain more than a thousand spectral lines from different
interstellar and circumstellar molecule species (see for example Figure 1.1) that allow
us to trace physical conditions such as density, temperature and dynamics of these
clouds. The most important of these are the strong rotational ladder lines from carbon
monoxide (CO) molecules, first observed by Wilson et al. (1970). CO being the second
most abundant molecules in ISM after Hy, posses electric dipole transitions between
neighbouring rotational states, which emit strongly in the millimetre and sub-mm
region, for example 12Co J=3—2 at 350 GHz and 12co J=6—5 at 690 GHz. Therefore,
CO has always been used as a tracer for understanding the distribution and physical
states of molecular hydrogen clouds, allowing us to study even violent processes
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Figure 1.1: Example of image taken in sub-mm region, and the wealth of spectral
lines available in this region (480 GHz—-2 THz). This European Space Agency (ESA)
public released image was downloaded from http://herschel.cf.ac.uk (hosted by
Cardiff University), in courtesy of UK Herschel team.
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such as inflow and outflow of gas (e.g., Parker et al., 1991; Richer et al., 1992) and
bipolar outflows of matter during star formation (e.g., Richer et al., 2000). As shall be
seen in Chapter 10, correlating these 12CO emission lines with observations at other
wavelengths also helps to construct star formation models and provides information

to further understand the galaxy formation process at a larger scale.

Interstellar molecules undergo a series of complex chemical phases, from collapse
of dense cloud forming young star to ejection of materials after star formation. High
resolution spectroscopic mappings of CO and other atomic/molecular species there-
fore allow us to explore the physical and chemical properties of the interstellar gas,
which is essential for understanding how the initial conditions of the gas incorporated
into the GMCs that form stars. Following these composition changes and the chem-
istry taking place in the ISM and GMCs as they cycle through different phases, provide
us with a valuable diagnostic tool to understand the chemical evolution and further
constrains the physical models of the ISM and GMCs. As well as this spectroscopic
information, broadband continuum observations of cold interstellar dust (< 100 K)
also provide clues as to the cooling mechanisms which promote condensation of these

gaseous molecules to form protostars.

In recent years, astronomical interest has shifted towards the terahertz (THz)
regime, which is relatively unexplored. This region is of particular importance
for extra-galactic observations and a large population of highly redshifted (high-z)
sub-mm galaxies have been uncovered by SCUBA (Sub-millimetre Common User
Bolometer Array) of the JCMT and the Herschel Space Telescope. Studies of these
high-z objects, such as ultra luminous galaxies (e.g., Solomon et al., 1992), and the
highly redshifted spectra of atomic species like CII and NII, allow us to understand
star and galaxy formation at these early epochs. Emissions from the CO transition
ladders would also be compressed in frequency for high-z sources, by a ratio of 1 + z,
allowing simultaneous observation of several CO lines within one spectral band. All
these observations could provide important links between the local universe and the
very early universe (z > 10), to construct an overview of the evolution of the entire

universe.
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Figure 1.2: Atmospheric transmission window at Llano de Chajnantor, Chile, at the
altitude of 5040 m. Downloaded from http://almascience.eso.org.

1.2 SUB-MILLIMETRE TELESCOPES

There are two main categories of sub-mm telescopes, ground based large sub-mm facil-
ities and space or air-borne sub-mm telescopes. Ground based sub-mm observations
are restricted by poor atmospheric transmission. Large amounts of water vapour and
other constituents in the atmosphere absorb strongly at certain sub-mm frequencies,
rendering the atmosphere opaque and virtually unusable for any meaningful science
at these frequencies. Consequently, only high sites with extremely dry and stable
conditions are suitable for sub-mm observations, and even then, high transmission is
only possible at certain frequency bands. The most recent, is the Llano de Chajnantor
plateau at the Atacama desert in Chile, whose atmospheric transmission windows
are shown in Figure 1.2. It can be seen that even at one of the best sites in the world,
only certain frequency bands have good transmission. Above 1 THz, the transmission
becomes poor, hence observations of spectral lines above 1 THz from ground is very
challenging (Wiedner et al., 2006; Marrone et al., 2005). Ground based sub-mm tele-
scopes can be constructed as a large single dish telescope or an interferometer that
combines several antennas to achieve higher spatial resolutions and reduce the impact
of atmospheric fluctuations. Table 1.1 shows examples of some of the existing and

future sub-mm telescopes.
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Table 1.1: Examples of existing and currently built/planned large sub-mm telescopes.

Ground based telescope

Single dish Interferometer
15 m JCMT (James Clerk Maxwell Telescope) SMA (SubMillimetre Array)
10 m CSO (Caltech Submillimetre Observatory) ALMA (Atacama Large
15 m SMT (SubMillimetre Telescope) Millimetre /submillimetre Array)

25 m CCAT (Cerro Chajnantor Atacama Telescope)
Space borne telescope

Space telescope High altitude aircraft/balloons
Herschel Space Telescope Kuiper Airborne Observatory
SPICA (Space Infra-Red Telescope for Cosmology | BLAST (Balloon-borne Large
and Astrophysics telescope) Aperture Sub-millimeter Telescope)

SOFIA (Stratospheric Observatory
for Infrared Astronomy)

The major advantage of space and air-borne sub-mm telescopes is that they can
access the frequency ranges that are blocked by the Earth’s atmosphere. However,
space telescope are costly, inflexible and has a limited lifetime and collecting area.
Telescopes on board of high altitude flying aircrafts or balloons offer another alternat-
ive for sub-mm observations, free from atmospheric contamination. They also allow
rapid replacement of new instruments, but they are normally limited to short term
observations and have relatively small collecting area too. These difficulties in ob-
serving imposed by the atmosphere imply that observation time on both Earth-based
and space/air-borne telescopes is precious and restricted, highlighting the need for

the quantum limited sensitivity of sub-mm detectors.
1.2.1 ALMA

The current generation of millimetre and sub-mm astronomers will see the arrival of
ALMA (Atacama Large Millimetre/submillimetre Array), which upon completion,
will almost certainly dominate millimetre and sub-mm astronomy for the next 20-30
years. It is one of the largest ground based astronomical facilities ever built, comprising
66 antennas (54 of 12 m and 12 of 7 m diameter dish) with baselines up to 12 km and
a total collecting area of 7,238 m?2. Tt is located on top of the 5000 m altitude Llano
de Atacama in Chile, an exceptionally dry and high site with a median precipitate
water vapour content in the atmosphere of only about 1 mm. In addition, Llano de

Atacama has a flat and wide topography that is very suitable for accommodating the
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Table 1.2: The 10 frequency bands of ALMA.

Band rfflegzll(gllfl};) Target Receiver Noise Temperature (K) tetc)ﬁfcflts;y
80% RF band At any RF frequency

1 31-45 17 26 HEMT®
2 67-90 30 47 HEMT
3 84-116 37 60 SIS
4 125-163 51 82 SIS
5 162-211 65 105 SIS
6" 211-275 83 136 SIS
7 275-373 147 219 SIS
8 385-500 196 292 SIS
9" 602-720 175 261 SIS
10 787-950 230 344 SIS
Notes:

* Selected for initial phase of operations
2 High electron mobility transistor

large area required for ALMA interferometer. The telescope itself will have an angular
resolution of 0.2” in its most compact configuration, almost a factor of 10 times better
than the Hubble Space Telescope. ALMA was designed to operate in 10 wavebands,
defined by the atmospheric windows, spanning the 30-950 GHz range, as shown in
Table 1.2, with dual polarization capability at all bands. Some of the channels are also

capable of sideband separating operation.

The ALMA front-end receivers architecture is unique in the sense that it has adop-
ted a modular cartridge-type receiver concept. Each cartridge itself is a self-contained
receiver of a specific ALMA band, equipped with all the required components, such
as the cooled optics and detector units etc. Each individual ALMA antenna will
therefore have a front-end cabin that would assemble all the 10 cartridges from all
10 bands, forming a compact independent receiver unit. Since each band cartridge
has a compatible pre-designed interface with the front-end cabin, their designs and
constructions could be distributed amongst different groups, allowing parallel mass
production. In the initial operation phase, only four cartridge bands have been selec-
ted (see Table 1.2), where the subsequent bands will be installed progressively after
an initial commissioning phase. In recent years, there has been growing interest in
pushing the upper frequency limit of ALMA above the THz frequency, forming the
ALMA band 11, which is expected to cover the 1.2 to 1.6 THz range.
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1.3 SUB-MILLIMETRE WAVE DETECTION

There are two modes of detection in the sub-mm waveband: coherent (heterodyne)
and incoherent (direct) detection. Direct detection in the sub-mm regime often makes
use of the change in the detector’s resistance due to the thermometric effect caused by
the incident photons, hence they are normally called bolometers. They are sensitive to
total incident power and are used mainly for broadband continuum observation, but
they lack the ability to preserve phase information. Sub-mm coherent detectors are
used for their ability to preserve both phase and amplitude information. One such
coherent detector is the SIS mixer which utilises a highly nonlinear device to down-
convert sub-mm astronomical signals to lower frequencies for subsequent processing.

They are the main detectors in the modern high resolution sub-mm interferometers.
1.3.1 SIS junctions as heterodyne mixers

The SIS tunnel junctions are by far the most popular choice for sub-mm coherent
detectors due to the superior sensitivity and the stable operation they offer. Con-
sequently, they have been routinely used in sub-mm spectroscopic astronomy below
1 THz. In fact, 8 out of the 10 operating bands of ALMA will use SIS junctions (the
other two are below 100 GHz as shown in Table 1.2). The SIS tunnel junction consists
of two thin superconducting films, separated by a very thin (~ 20 A) insulating barrier.
They are capable of both direct and coherent detection, but are mainly used for the

latter.

The operation of SIS mixers will be discussed in details in Chapter 3, but in
principle, an SIS tunnel junction detection utilises the photon-assisted quantum tun-
nelling of quasiparticles across the thin insulating barrier to achieve highly nonlinear
current-voltage (IV) curve. This is a mechanism where Cooper pairs in a supercon-
ductor below its transition temperature are broken to form quasiparticles through
absorption of external radiation with energy nhv + eVj, > eV, where n is the integer
representing the number of photon absorbed, / is the Planck’s constant, v is the

frequency of the photon, Vj, is the bias voltage applied across the SIS junction, e is
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the electron charge and Vg, is the binding energy of the two electrons forming the
Cooper pair. Superconductors have Vg, of the order of several meV, and therefore are
sensitive to millimetre and sub-mm wavelength radiation. The most commonly used
superconductor in SIS mixer, niobium (Nb), have a transition temperature of about

9 K and an energy gap of about 2.8 meV, which translate to about 680 GHz.

Above the gap frequency, the superconductor starts to become lossy due to the
breaking of Cooper pairs, although the SIS junction can still in principle be used as
a mixer up to double the gap frequency (see Chapter 3). Therefore, to operate at
frequencies in the supra-terahertz region, higher gap superconductors are needed. Two
of the most studied materials are the niobium titanium nitride (NbTiN) and niobium
nitride (NbN) which have V,,, energies of about 5.0 mV and 5.8 mV (~1.2 THz and
~1.4 THz), respectively. However, the use of these materials as SIS devices is still to be
achieved due to the fabrication difficulties. For example, it is difficult to fabricate high
current density NbN junctions and the existence of pinholes in their barrier degrades
the performance of the SIS mixer (Kawamura et al., 1999). Successful operation of SIS
mixers above 1 THz has nevertheless been achieved by using tunnel junctions with

electrodes comprising Nb and NbTiN (Karpov et al., 2007).
1.3.2 SIS heterodyne receivers

The heterodyne technique was invented by Reginald Fessenden in 1901 (Cooper,
2001), where two frequency components are combined (mixed) to generate a new
lower frequency component while preserving the phase information of the original
frequencies. These two frequencies are normally referred to as the RF (radio frequency)
and the LO (local oscillator) frequencies, while the newly generated signal is named

the IF (intermediate frequency).

The concept of heterodyne detection can be explained by considering two sinusoidal
voltages Vrrsin wrrt and Vipsinwipt impinged on a nonlinear device that has an

output current proportional to the square of the applied voltage. The response of the
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device can thus be written as

I(w) = (Vy 4+ Vrrsinwgpt + Vip sinwrot)?
Vir |, Vio 2

N + " + Vi 4+ VRpVio cos(wro — wrr)t — VRrVio cos(wio + wrp)t + - - -
(1.1)
where Vj, is the DC bias point of the mixer. One can see clearly that after mixing, the
signal voltage Vrr generates currents flowing at the IF frequency wir = |wro — wrr|
and various other frequencies. The unwanted harmonics are usually filtered out
using suitable filters, or naturally by the intrinsic capacitance of the SIS junction. One
advantage of a heterodyne system is that a broad RF spectrum can be resolved by
simply varying the LO frequency, while retaining the same back end electronics for
the IF frequency processing. This method of transferring the amplitude and spectral
information at the RF frequencies (several hundred GHz) to lower IF frequencies (a
few GHz) is necessary at sub-mm frequency, because it enables an extremely weak
signal from an astronomical source to be down-converted for further amplifications,

since low noise amplifiers operating at several hundred of GHz are extremely difficult

to construct and conduction losses at sub-mm frequencies are very high.

IF LSB USB

Amplitude

>

Frequency

(a) Frequency down conversion

Local
Oscillator

Low Noise
RF Antenna SIS Mixer Amplifier

\
\,
\\ IF Amplifiers
\\ Chain
N,

Signal from -
the sky Beam Combiner

To read out
electronics

(b) Architecture of a heterodyne receiver

Figure 1.3: Diagram illustrating frequency down-conversion using a heterodyne
receiver system.
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An SIS mixer is sensitive to all RF signals shifted by +wjr at both sides of the LO
frequency (wrr = wro £ wyr), as shown in Figure 1.3 (a). The RF frequency band that
contains the sought astronomical signals is known as the signal sideband, while the
other sideband that usually contributes only to noise is known as the image sideband.
These two sidebands are sometimes referred to as upper (USB) and lower sideband
(LSB), depending on its position with reference to the LO frequency. A double
sideband (DSB) SIS mixer converts both sidebands with equal sensitivity, hence both
USB and LSB will be folded onto the same IF band. To reduce the noise contribution
from the mixer, it is often desirable to reject or separate the image sideband since it
may not contain useful information. These mixers are known as single sideband (SSB)

SIS mixers.

Figure 1.3 (b) illustrates the main components comprising an SIS heterodyne
receiver. It consists of four main parts: the local oscillator, the input antenna (feed)
coupling the astronomical and LO signal to the mixer chip, the SIS mixer itself, and
the IF electronics. Apart from the LO, this entire assembly is cooled to well below the
transition temperature of the tunnel junction material to make the junction operate
as a highly nonlinear device. It should be noted however that the performance of
a heterodyne receiver does not only depend on the quality of the mixer itself, but
also relies critically on other components, especially the front end optics and the IF
amplifier. These components need to be designed and optimised properly to realise a

quantum limited SIS receiver.

1.3.3 Mixer feeds

The main function of the front end optics of a heterodyne receiver is to couple the
signal from free space into the mixer with maximum efficiency. Sub-mm mixers can
be classified into two main categories based on their input antenna: quasioptical
mixers or waveguide mixers. The former employs a hemispheric lens to focus the
radiation onto a thin film antenna glued at the back of the lens, where the mixer is
fabricated on the same substrate across the electrodes of the antenna. The mixer is

easy to manufacture using planar circuit technology, but they often have high sidelobe
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(a) Quasioptical mixer (b) Waveguide probe mixer (c) Finline mixer

Figure 1.4: Examples of various types of mixers, utilising different coupling mech-
anisms to the mixer. They were drawn only for illustration, hence are not drawn to
scale.

level and can suffer from multiple beam reflections by the lens (e.g., Zmuidzinas et al.,

1992; Wengler et al., 1985).

Waveguide mixers, on the other hand, employ a feed horn to provide good power
coupling from free space to a guided wave (e.g., D’Addario, 1984; Raisanen et al., 1985).
These horns require high precision mechanical machining but they have excellent beam
properties including low sidelobe, low cross-polarization, and high beam circularity.
Once the incoming radiation is propagated into the waveguide mode, a thin film
probe positioned across the waveguide is normally used to deliver the signal to the
planar circuit where the SIS junction is fabricated. Figure 1.4 illustrates the physical

layout of both quasioptical and waveguide mixers.

1.3.3.1 Finline mixers

A finline mixer employs a finline taper to extract the electromagnetic energy from
the waveguide to the mixer chip. It is a fixed-tuned (tunerless) mixer and a major
difference between the finline mixer and other waveguide mixers is that the finline
chip is oriented along the propagation axis of the waveguide. This feature and the fact
that the design does not require back shorts reduce the complexity of fabricating the
mixer block significantly. In addition, finline tapers are known to exhibit a very large

bandwidth, well above that of the waveguide mode. The back-to-back configuration
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Wiring layer
Oxide layer
Base layer
Quartz

(a) Antipodal finline structure

Microstrip

J - / — Oxide layer
: AM Fins

(b) Unilateral finline structure

Figure 1.5: Two different types of finline taper. The diagram is not drawn to scale.
Image courtesy of Grimes (2006).

provides the option of LO coupling from one side and the RF from another, avoiding
the need for a beam splitter that wastes most of the power available from the source
(see Chapters 6). The large substrate area also allows elegant integration of advanced
mixer circuits such as power dividers and hybrids for single sideband SIS mixer

designs (see 7).

Traditionally, finline mixers used antipodal fins to couple RF signal from the
waveguide to a microstrip line containing the miniature SIS tunnel junction (Yassin
et al., 1997, 2000). As shown in Figure 1.5 (a), the metallisation for the base and the
wiring layer consists of two niobium fins separated by a thin layer (~ 400 nm) of
oxide. The whole arrangement is deposited onto a thick quartz substrate, which can
occupy a significant fraction of the waveguide height. The resulting dielectric loading
losses which increases with frequency makes this traditional finline mixer design
less attractive at higher frequency bands. Nevertheless, this technology has been
fabricated and tested extensively at various sub-mm bands (Yassin et al., 1997, 2000;
Grimes, 2006; Kittara et al., 2007), and was shown to yield state-of-the-art performance,

comparable to those obtained by probe coupled waveguide mixers.

Despite the reported excellent performance of an antipodal finline mixers at 230,
350 and 700 GHz (Yassin et al., 1997, 2000; Kittara et al., 2004; Grimes et al., 2005),

their structure exhibits an important fabrication difficulty. The need for overlapping
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fins to transform the slotline to the microstrip makes the mixer chip longer, and is
susceptible to shorting during the fabrication process. The electromagnetic behaviour
of the mixer is also very difficult to simulate, making it hard to design. To overcome
these difficulties, we have employed a new waveguide-to-planar circuit transition that
replaces the antipodal fins with a unilateral finline taper (e.g., Yassin et al., 2008; Tan
et al., 2012). Unilateral finline mixers retain all the above-mentioned advantages of
antipodal finline mixers, but have no overlapping taper regions. This yields a shorter

mixer chip, which is much easier to fabricate and model rigorously.

As can be seen from Figure 1.5 (b), the unilateral finline transforms the RF power
from the waveguide mode into a slotline, that provides a natural band-pass filter
to prevent the IF signal leakage. The electromagnetic behaviour of this design can
be easily simulated using conventional software packages like HFSS (Ansys High
Frequency Structure Simulator) or well-understood algorithms such as the Optimum
Taper Method or Spectral Domain Analysis (Yassin et al., 2008). All the mixer designs
reported in this thesis use unilateral finline as the main waveguide-to-planar circuit
feed, and as we shall see in later chapters, the unilateral finline design works very
well in conjunction with SIS mixer technology. The unilateral finline taper has also
been shown to work well with Transition-Edge Sensors (TES) for the CLOVER project

(Audley et al., 2006; Piccirillo et al., 2008), yielding high optical efficiency.

1.4 CURRENT STATE OF SIS MIXERS

The sensitivity of an SIS mixer is commonly represented by its measured noise temper-
ature (see Chapter 3 for details). The benchmark for good performance is the quantum
limit given by Ty = hv/kp, where kg is the Boltzmann’s constant. With current
technology, SIS mixers operating below 500 GHz have routinely achieved sensitivity
approaching the quantum limit. However, at higher frequencies, waveguide and
superconductor’s conduction losses become significant, and the machining tolerance
become much harder to achieve. Consequently, it becomes very challenging to achieve
quantum limited sensitivities. Nevertheless, as shown in Figure 1.6 (a), remarkable per-

formance has been achieved by SIS receivers of ALMA and Herschel Space Telescopes.
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Figure 1.6: (a) The measured performance of ALMA Band 9 and Herschel Band 2 SIS
receivers. (b) The examples of Band 8 cartridges build for ALMA.

This was done by using high precision electron-beam lithography in fabrication of
the SIS tunnel junctions, transmission lines employing higher superconducting gap

materials and state-of-the-art mechanical fabrication facilities.

The next paradigm for improving the performance of an SIS receiver is expected
to come from the following three routes: increasing the number of SIS mixers per
receiver (large arrays), simplifying the architecture of the receiver, and enhancing the

functionality of the SIS mixer such as image rejection capability.

High sensitivity heterodyne receivers enable detection of extremely weak astronom-
ical signals in a relatively short integration time. Hence, a clear way to improve the
mapping speed of telescopes is to construct a multi-pixel focal plane arrays. However,
current SIS mixer technology still employs rather complicated receiver structure owing
to the employment of multiple bulky components for dual polarisation and sideband
separation. Figure 1.6 (b) shows the currently built Band 8 single sideband receiver
cartridge of ALMA. As can be seen, the mechanical structure is rather complex and
bulky, since the single sideband operation requires more than one mixer block and
additional waveguide circuit components. The same complexity would arise for other
advanced SIS mixer designs, such as balanced SIS mixer which has the ability to reject

amplitude and phase noise from the LO. In summary, additional functionalities that
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help to reduce the noise or increase the receiver capability come at the cost of complex

receiver structure that restricts the employment of focal plane array.

The work in this thesis aims to address these targets by proposing several new

innovations to the current SIS mixer design, including

e the use of Silicon-On-Insulator (SOI) technology (Chapter 4 and 5),
e single-chip integrated advanced SIS mixer designs (Chapter 6 and 7),
e development of easy-to-machined sub-mm horns (Chapter 2) and,

e generating sub-mm signals using a photonic local oscillator (Chapter 9).

With these advancements, we hope to make arrayable SIS mixers at high frequencies

feasible for future sub-mm telescopes.
1.5 THESIS OUTLINE

Following this introduction, I shall first present a new type of feed horn that has a
similar high performance to conventional corrugated horn, and yet is much easier
to fabricate (Chapter 2). This is followed by several chapters focusing on SIS mixers,
starting with Chapter 3 which describes the fundamentals of SIS mixer theory and the
experimental techniques used to assess the performance of the newly designed mixers.
Chapter 4 will present the details of the new SIS mixer designs, which is a central
theme in this thesis, while Chapter 5 reports the measured performance of these
mixers together with performance analysis. Chapter 6 will describe the design and
measured performances of the single-chip balanced SIS mixers at 700 GHz integrated
onto an SOI substrate, and Chapter 7 will describe the design of an integrated single
sideband mixers such as sideband separating and balanced with sideband separating
SIS mixers. In Chapter 8, I shall describe two interesting features of SIS mixers, namely
the effect of heating in SIS tunnel junctions by the tunnelling currents, and the effect
of Josephson currents on the sensitivity of SIS mixers near 700 GHz. In Chapter 9,
I will describe an alternative method of generating LO power using infrared lasers,
and finally in Chapter 10, I will present our work on astronomical observations of

12CQ J=3—2 emission line from two nearby galaxies, NGC 2976 and NGC 3351.



2

MULTIPLE FLARE-ANGLE SMOOTH-WALLED HORN

Overview: In this chapter, we shall discuss the employment of multiple flare-angle
horns optimised to operate at 700 GHz. We will first describe the design of the feed
horn, then the fabrication technique we developed to machine these horns, followed
by the experimental setup we built to measure the far field radiation patterns. The
measured results will be analysed and compared with the theoretical predictions
using our own software package. In addition, we shall discuss the use of Ansys HFSS

for tolerance analysis.

2.1 INTRODUCTION

Feed horns with a good radiation characteristic are an essential component in the
design of a sub-mm wave heterodyne receivers. They offer high beam efficiency and
low sidelobes level required by sensitive astronomical observations. Most of modern
sub-mm receivers use corrugated horns (Clarricoats & Olver, 1984) to efficiently
couple the RF signal from the sky to the detector. Corrugated horns however require
azimuthal corrugations in their interior wall to create isotropic surface boundary
conditions to the propagating E- and H-field wavefronts. This suppresses unwanted
waveguide modes, and allows only the propagation of the hybrid HE;; mode (Olver

et al., 1994), to produce uniform and polarized illumination at the horn aperture. The

17
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result is a far-field radiation pattern that has high directivity, low sidelobes and low

cross-polarization levels across a large operating bandwidth (around 50%).

Corrugated horns are fabricated using either direct machining or electroforming.
Direct machining needs a high precision milling machine to achieve the required
machining tolerances and repeatability, in particular near the horn’s throat where the
diameter is too small for a robust tool. Electroforming, on the other hand, requires
complicated mandrel fabrication, electroplating and chemically dissolving stages,
albeit the machining of the mandrel is easier. Both processes are costly (approximately

$1,000-2,000 per horn) and time consuming (several weeks per horn).

The new generation of sub-mm astronomical telescopes require a larger number of
feed horns for their large multi-pixel focal plane array receiver systems (~10-1000
pixels). The cost for producing these large number of horns has become considerably

high and the time required for their construction has become a major concern.

In recent years therefore, there has been considerable interest to find alternatives
to corrugated horns without compromising the radiation pattern quality (e.g. Granet
et al., 2004; Yassin et al., 2007; Britton et al., 2010). Smooth-walled horns that have
comparable radiation characteristics to a corrugated horn, but without the large
number of high density corrugation grooves (~5 corrugations per wavelength) is an
attractive option. The simplest form of a smooth-walled horn is a Pickett-Potter horn
(Pickett et al., 1984; Potter, 1963), which has only a single step discontinuity near the
throat followed by a smooth conical flaring section. The step discontinuity excites
the TM;; mode at about 16% of the total incident power of the incoming TE;; mode.
As shown in Figure 2.1 (a), the sidelobes of both the TE{; and TM;; modes coincide
with each other and slightly broaden the main beam. The combination of both modes
therefore results in cancellation of sidelobes, and a main beam with high circularity.
Both fields propagated along the conical flaring section so that this condition is met
when they arrive in phase at the horn aperture. This generates a highly uniform
field that give low sidelobes level, and low cross-polarization in the far-field radiation

pattern.
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Figure 2.1: (a) Schematic drawing of a 3-section multiple flare-angle horn. The
drawing is not according to the scale. (b) Plot showing the combination of TEq; and
TMj; resulting in sidelobes cancellation.

One disadvantage of a Pickett-Potter horn is that it has a narrow operating band-
width, although a carefully chosen combination of the higher order modes generated
by the discontinuity could slightly widen the operating bandwidth of the horn (Kit-
tara et al., 2000; Kittara, 2002; Kittara et al., 2004). The performance however can be
substantially improved by increasing the number of discontinuities near the throat
of the horn (Yassin et al., 2007). The optimised depth of the discontinuities, the
horn length and flare angles can be predicted using modal matching in conjunction
with optimisation algorithm (Granet et al., 2004; Zeng et al., 2010). For designing
the multiple flare-angle smooth-walled horn described in this chapter, we employed
modal matching for design analysis, and Genetic Algorithm (GA) for optimisation

(Haupt & Haupt, 1998; Kittara et al., 2007).

The two algorithms were incorporated into a self-contained C++ package written by
Kittara et al. (2007), HornSynth. Using this package, they have successfully produced a
variety of high performance feed horns, with two, three and four flare-angle sections,
giving respectively 15%, 20% and 25% operating bandwidth (Kittara et al., 2008;
Leech et al., 2012). As shall be seen later, one major advantage of the multiple flare-
angle horn is their simple geometry that allows a simple fabrication process (see
Figure 2.1 (b)). A series of 230 GHz multiple flare-angle horns and horn arrays have
been fabricated and tested extensively by Leech et. al. (Leech et al., 2009, 2010; Leech
et al., 2012; Leech et al., 2011). The results showed low level of sidelobes, good beam
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circularity, low cross-coupling level and low cross-polarization over a 20% bandwidth,

in agreement with HornSynth’s prediction.
2.2 FEED HORN DESIGN

As we have explained before, HornSynth comprises two main components, the modal
matching analysis and the Genetic Algorithm. Modal matching is used to predict the
fields propagating along the feed horn, and to calculate the horn aperture field by

calculating the scattering matrix, whilst GA is employed for reliable optimisation.

Modal-matching is a powerful technique that had been used extensively by many
authors (e.g. James (1981) and Olver & Xiang (1988)) to accurately predict the feed
horns aperture distribution. In the discussion that follows, we shall briefly summarise
the basic principles used in modal matching employing a conical horn as an example.
The reader is referred to Kittara et al. (2004) and Olver et al. (1994) for a more detailed

description.

In modal matching analysis, the feed horn’s interior is first divided into a series of
cylindrical sections, with the tangential field components propagating within each
section described as the superposition of waveguide base functions (modes). Using
an appropriate coordinate system (i.e., cylindrical coordinates for conical horns),
these modes can be obtained by solving Helmholtz equations. Assuming the wave is
propagating in the z-direction, the solutions are normally found by calculating the z
components of the E- and H-field within the horn that satisfy the wave equations and

the boundary condition. For a conical horn, this can be written as

(0, ¢,2,t) = Ju(kp) cos(ng + ¢o)e” T2e/! (2.1)

where 1, is either the E, or H, component, p and ¢ are the radial distance from
the z axis and the azimuth angle respectively, ], is Bessel function of the 1% kind of
order n, and ¢y is a phase constant. The wave number is defined as k* = 7?4+ w?ue
where 7 is the propagation constant and w, 1 and € representing the radial frequency,
the permeability and electric permittivity, respectively. The remaining transverse

components of the E- and H-field propagation wave can then be expressed in terms of
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E, and H, as

d iwu 0
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A conical horn with a perfectly conducting wall supports two orthogonal mode
sets, the transverse magnetic TM,,;,, modes and the transverse electric TE,;, modes, where
the subscript # and m are integers representing the cyclic variation with ¢ and the m*"
root of the Bessel function of order 7, respectively. TM modes have only the tangential
magnetic fields with H, = 0 while TE modes have only the tangential electric fields
with E; = 0. The boundary conditions imposed on the perfect conductor wall require
that Ey = 0 for TM modes, and Ey = E, = 0 for TE modes, at p = a where 4 is the
radius of the cylindrical section. Applying these boundary conditions to Equation 2.2
gives the expressions of the specific transverse modes of TE and TM fields within that

particular cylindrical section.

The total modal fields at the interface between two adjacent cylindrical sections are
matched with boundary conditions that are dictated by the conservation of power. As
shown in Figure 2.2, this interface junction is represented by a scattering matrix, and
the power coupling across the junction is related using the scattering matrix defined
by

B _ Si1 Si2 A ’ 23)
D S»1 S C

where A and B are the input and reflected mode coefficient matrices from the input

side (left), while C and D are the similar matrices from the output side (right).

The transverse electric fields in each uniform cylindrical section are represented as

a spectrum of N nodes. From Figure 2.2, the electric and magnetic fields on the left
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Figure 2.2: Diagram illustrating the scattering matrices used to model a feed horn.

hand side are given as

N

E; = Z[Anefﬂy”z + Bne"*le,r, (2.4a)
n=1
N

Hp = Y [Aue " — By Ihy, (2.4b)
n=1

where A, and B, are the forward and reflected amplitude coefficients of mode n
from the input side, and e and h represent the transverse electric and magnetic modal

functions respectively. On the right hand side of the junction, the fields are

M

Er = [Ce™ "% + Dy,e"*ler, (2.5a)
m=1
M

Hy = Z [Ce™ "% — Dy,e"* g, (2.5b)
m=1

where C,, and D,, are the forward and reflected amplitude coefficients of mode m at
the output side. Matching these transverse fields across the junction i.e., E; = Eg and

H; = Hy at boundary z = 0, we have

N M
(An + Bn)enL = Z (Cm + Dm)emR/ (26a)
n=1 m=1
N M
Y (Aw—Bu)hur = Y (Cu — D) g (2.6b)
n=1 m=1

Multiplying Equation 2.6a and Equation 2.6b with hr and e respectively, and integ-
rating over the cross sectional area of the junction, produce a pair of simultaneous
matrix equations:

P(A+B)=0Q(C+D), (2.7a)

P'(D-C) =R(A - B), (2.7b)
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where the matrix P representing the mutual coupled power between mode i on the
left hand side and the mode j on the right hand side. Q and R are the self-coupled
power between modes on the right hand and left hand side of the junction. These

matrices are given by

Pij = / (eiL X h]R) . dS, (2.8&)
St

ij = A (e]-R X h]R) -ds, (28b)
R

R;i = /S (eiL X hiL) - ds. (28C)
L

Rearranging Equation 2.7 into the matrix form gives the elements in the scattering

matrix S as

Si1=R+PIQ7P) I x (R—-PIQ!P) (2.9a)
S =2 x (R+PIQtp)-tpT (2.9b)
Sy =2 x (Q+PRPT)"Ip (2.9¢)
Sy = —(Q+PR'PT)"! x (Q — PR'PT) (2.9d)

All these scattering matrices describing each junction are then cascaded together
to form the complete scattering matrix that represents the overall feed horn. The
horn aperture field can then be directly computed from the output transmission
coefficient of the complete scattering matrix, which is then Fourier-transformed to

find the far-field radiation patterns of the horn (Kittara et al., 2004).

2.2.1  Genetic algorithm

Genetic algorithm is an optimisation technique that imitates the natural selection
process of biological evolution. It is based on the genetic evolution of a population of
a certain size to find the fittest individual i.e., the optimised solution. One advantage of
GA is that it is well suited for parallel computation. Another important advantage of
GA is that it can simultaneously search a wide sampling parameter space and have

the ability to escape local minima.

GA optimisation begins with encoding each key parameter or variable to be

optimised into a binary string called a chromosome. These chromosomes are converted
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to a Gray code to ensure that the numerical value of the chromosomes do not change
by a large fractional amount when bits are flipped through mutation and crossover (see

below).

A set of chromosomes, containing each parameters, is an individual. An initial
population of individuals is formed where the chromosomes of each individual are
chosen stochastically within sensible constraints. The fitness of each individual is
evaluated via a cost function and the higher fitness half of the population is selected
to becomes parents that produce offspring via mating. The lower fitness half of the
population is eliminated and replaced by the new offspring individuals. Together,

they form the next generation of population.

In the mating stage, the parent’s chromosomes are spliced at random length. Each
ends are then swapped between the parents and recombined to produce two new
offspring chromosomes. This process is called crossover. The Gray code makes sure
that the chromosomes of the offsprings are not too numerically different from their
parents, hence preserving the overall fitness quality of the population. This also

prevents the algorithm from suddenly straying away from a converging solution.

After crossover, a single bit of the offspring chromosome is flipped with a small
probability, mimicking the mutation process in the genetic evolution. A combination of
crossover and mutation ensures the diversity of the offspring, and it is these processes
that give the searching algorithm the ability to explore a wider parameter space. After
a new population is formed, the fitness of each offspring is re-evaluated and the
mating process is repeated for a few generations. In general, the average fitness of
the population increases from one generation to the other. The optimisation process
is stopped after it reaches a user specified limit of the generation (typically 1,000—
2,000 generations). The fittest individual is then further optimised using the Simplex
minimisation (Nelder & Mead, 1965).

2.2.2 700 GHz multiple flare-angle horn

For the operation at the 700 GHz waveband, we have chosen a multiple flare-angle

smooth-walled horn with 3 flared sections. The 5 parameters to be optimised are R;,
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Ry, L1, Ly and L3 (see Figure 2.1). Ry is set by the cutoff frequency of the input circular
waveguide, and the horn aperture R3 is determined by the required beam width of the
feed horn, which in this case is about 14.6° Full-Width Half-Maximum (FWHM). The
initial chromosomes in each individual in the first generation are randomly assigned
within a range that ensure a long phasing section, and the flare discontinuities are
located nearer to the throat of the horn. The rationale behind this is that the resulting
feed horn design is not too dissimilar with the Pickett-Potter horn to retain its general

good features.

The cost function which measures the fitness of each individual horn is evaluated
from the far-field beam pattern calculated using the modal matching technique (Yassin

et al., 2007). At a specific frequency f, the cost function is given by

5 P=-30 ap 2
& =wx| ), v | we|, (2.10)
P

where wy is the peak cross-polar power relative to main beam peak power, P is the
power response in dB, op and ¢} are the difference between the E- and the H-plane
beam widths and the average beam width of both planes at the power response P dB,
and wp = 10771 is the weighting function for the beam circularity (Kittara et al., 2007).
This cost function is evaluated at several frequencies across the entire bandwidth. The
final cost function for a particular horn design centred at fy is calculated by

62 = ;5} exp <_(f_f°)2> (2.11)

2
20'f

where the exponential term is the frequency dependent weighting factor, and oy is the

bandwidth (fupper - flower)-

These cost function was chosen to specify the fitness criterion for high beam
circularity and low cross-polarization level. The combination of these two criteria
produced a horn that exhibits low sidelobes level and since Pickett-Potter type horns
generally have low return loss (Pickett et al., 1984), this requirement was not included
in the cost function. Other criteria can clearly be chosen, depending on the horn

applications.
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Table 2.1: Geometrical parameters for the 3-section multiple flare-angle horn design.

Centre frequency | Parameter Rg Ry R, R; L Ly Ls
700 GHz Length (mm) | 0.203 0.488 0.595 1.200 0.487 0.398 7.886
600 GHz 700 GHz 740 GHz
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Figure 2.3: Theoretical E-, H-plane and cross-polarization beam pattern calculated
using modal matching.

The most computationally intensive step in the entire design procedure is the beam
pattern calculation via the modal matching for each individual in the population
across a wide bandwidth. Since GA optimisation is well suited for parallelisation, the
beam patterns and the cost function of each individual within a certain generation
can be distributed to separate central processing units (CPUs) as a slave tasks for
simultaneous calculations. The parallel computing technique vastly reduces the time
required to optimised a multiple flare-angle horn. For example, using a 28 cores
machine, we managed to optimise the 3-section horn within 1,000 generation of 27

individuals, taking only about 3 hours of computing time.

Table 2.1 shows the result from the GA optimisation for a 3-section multiple flare-
angle horn centred at 700 GHz. As shown in Figure 2.3, the predicted beam patterns

have high circularity and low sidelobes levels across ~ 140 GHz bandwidth.

2.3 HORN FABRICATION

The major advantage of the multiple flare-angle horn is that its simple interior profile
lends itself to easy and fast fabrication process. These horns can be made via the

simple direct milling technique using a standard 5-axis computer-numerical-control
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(CNC) machine. Figure 2.4 (a) shows a high-speed steel machine tool manufactured
(by a standard machine tool company) to have its cutting edge shaped according to
the horn profile. This tool is used to mill the desired feed horn directly into a block of
aluminium. The circular waveguide that feeds the horn is formed by simply milling

through the apex of the feed horn profile from the other end of the aluminium plate.

In order to demonstrate that the direct milling method is repeatable, the sharpness
of the discontinuities of the shaped cutting tool was inspected after using it to fabricate
several horns. As shown in Figure 2.5 (a), the discontinuities of the machine tool
remained reasonably sharp. The apparent damage of the cutting edge away from
the first discontinuity (enlarged in Figure 2.5 (b)) is mainly caused by the aluminium
waste not being properly cleared out of the milling area, hence adhering to the cutting

tool.

Using the direct milling method described above, a large number of horns can
be fabricated very rapidly. Once the machine tool and the working metal plate are
properly aligned within the 5-axis CNC machine, the feed horns can be fabricated
simply by repeating the milling process along the programmed coordinates, forming a
horn array. Leech et al. (2012) have successfully fabricated and measured high quality
beam patterns across a 37-horn array operating at 230 GHz, demonstrating that this

fabrication technique is feasible for constructing large format focal plane arrays.

(@)

Figure 2.4: (a) The high speed steel machine tool used to fabricate the multiple flare-
angle horns. (b) A prototype of 700 GHz smooth-walled horn made by direct milling
into an aluminium block.
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(b)
Figure 2.5: Sharpness of the discontinuities of the machine bit examined under a
microscope.

2.4 EXPERIMENTAL SETUP

Our far-field test facility consisted of a rotary table, a local oscillator (LO), a lock-in
amplifier, a data logging system, and 4 K cryogenic bolometric detector, all housed in
an anechoic chamber. The anechoic chamber walls were lined with high loss microwave
absorbers (Eccosorb® AN-72 from Emersion & Cuming Microwave Products), to

reduce electromagnetic interference and reflection.

Figure 2.6 shows a schematic diagram of the test range, without the surrounding
Eccosorb®. The horn under test was used as a transmitter, fed by the LO via a
circular-to-rectangular waveguide transition. The whole arrangement was aligned to
the cooled receiver horn feeding the bolometer. This assembly was affixed firmly onto
a rotary table, with the aperture of the horn aligned parallel to the rotating axis of the
rotary table. Extra Eccosorb® RF absorbers were placed at key positions around the
experimental setup to eliminate stray power pickup and reduce the effect of standing

waves.

The separation distance between the horn under test and the window of the
: . . D?
cryogenic Dewar housing the detector is set to be further than 10— to ensure that the

A
horn is in the far-field region. The radiation patterns were measured by logging the
signal received from the lock-in amplifier while rotating the transmitter. This method

gave a high dynamic range of ~60 dB.
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Figure 2.6: Schematic diagram showing the setup of the far-field beam pattern test
range.

For measuring co-polar and cross-polarization patterns, a terahertz polarizer grid
was placed in front of the detector cryostat window, with the polarization axis tilted at
45° to the plane of rotation (Ludwig, 1973). The input polarization of the horn under
test was then aligned parallel to the grid polarization axis for measuring a co-polar

pattern, or perpendicular to the grid axis for measuring a cross-polar pattern.

2.5 MEASUREMENT RESULTS AND ANALYSES

We had fabricated six multiple flare-angle horns in two fabrication runs, with three
prototypes at each run. At 700 GHz, the tolerance required to achieve good perform-
ance is stringent since an error similar to that of the fabrication for a 230 GHz horn
would be a significant fraction of a wavelength at this higher frequency. The cutting

tool at this frequency is also much smaller, with a maximum radius of 1.2 mm.

Along with the feed horns, we had also fabricated a 13° semi-flare angle cone
circular-to-rectangular waveguide transition as a separate piece to fit the flange of the
700 GHz LO. This transition was made by direct milling as well, with a 13° conical

cutting tool milled into aperture of the rectangular waveguide previously formed in a
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Figure 2.7: Beam pattern measurements of the first generation smooth-walled horn
No. 1 at the central frequency 700 GHz. The measured beam patterns match very
well with theory, given the tight tolerances required at this wavelength. Grid No. 1
and grid No. 2 represent two different polarizers used during the measurements for
comparison purpose. The beam patterns measured at various other frequencies across
the wavebands are presented in Appendix C.

split-block. A standard UGC 387 /U (modified) flanges was then machined to provide

an interface for attaching the transition to the horn and the LO source.

Figure 2.7 shows the beam patterns measured for one of the best prototype horn
(Horn No. 1) among the three fabricated in the first run. The results were reasonably
good, but there were some significant differences between the calculated E- and H-
plane and the measured beam patterns. The sidelobe positions were almost coincide
with the theoretical predictions and the sidelobe level was only a few dB higher.
The measured cross-polarization was higher than expected though, with a slight
asymmetry in all the measured beam patterns. It can however be clearly seen that the

pattern quality is quite acceptable at this frequency.

Figure 2.8 shows the measured co-polar and cross-polar beam pattern of the three
prototypes at 660 GHz. As can be seen, there was a clear asymmetry in the main beam
of the co-polarization patterns for 2 out of the 3 prototypes. The measured cross-polar
level was significantly higher than that predicted by modal matching. We believe that
these effects were caused by a lateral translational offset between the input circular

waveguide and the horn section.

We have inspected the interior of the horns under microscope to look for any
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Figure 2.8: Measurements of co-polar and cross-polar pattern for the first generation of
horns, compared with modal matching predictions. The solid curves are the measured
data while the dotted curves are computed patterns. The black curves represent the
co-polar patterns, while the red curves correspond to the cross-polar patterns.
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Figure 2.9: Microscope photos show the lateral misalignment between the input
circular waveguide and the horn aperture of the first generation horns.

obvious lateral misalignment. It can be seen from Figure 2.9 that there was evidence
that the input circular waveguide was indeed offset with respect to the horn. This
showed up as asymmetry in the circularity of the first dark rim around the first

smooth-walled section of the horn profile.

With the experience gained from the first fabrication run, a new batch of the horns
were fabricated to minimise the translational offset error of the input waveguide.
We realised that the major contributor to this translational offset is the inability to
accurately place the cylinder aluminium block back to its original position after
removing it for the manufacturing of the circular waveguide. Hence, in the new batch

of feed horns, we used a longer aluminium cylinder block to ensure that the CNC
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Figure 2.10: Co- and cross-polarization measurements for all three horns from the
second fabrication run at 660 GHz.

machine clamp can hold it firmly in place. The circular waveguide was then milled
simultaneously with all the holes of the flanges to ensure that the circular waveguide

was aligned to the centre of the flange with minimum offset.

Figure 2.10 shows that the asymmetry in the measured beam patterns for all
three horns was substantially reduced now, except for prototype No. 1. The cross-
polarization level for all three horns was also lowered by several dB compared to the
first batch of prototypes. Figure 2.11 shows the top-down view into the interior of all

the three new horns. As can be seen, the first dark rim is now much more circular.

Figure 2.12 shows the E-, H-, co-polar and cross-polar radiation patterns measured

for Horn No. 3 at the design central frequency of 700 GHz, and at the edges of the LO

ﬂ (a) Horn 1 “ (b) Horn 2 a (c) Horn 3

Figure 2.11: Microscope photos showing the lateral misalignment of the horns from
second fabrication run.
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Figure 2.12: Beam pattern measurements of horn No. 3 from the second generation
smooth-walled horn in the 700 GHz frequency band. The solid lines are the measured
beam patterns, while the dash lines are the calculated patterns using modal matching.
In the right column, the red colour lines represent the cross-polar patterns, and the

black lines are the co-polar patterns.
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frequency range 600 GHz and 740 GHz. The measured patterns at other frequencies

across the band are shown in the Appendix C.

It can clearly be seen that the measured first sidelobe level is below -30 dB at the
central frequency. The main beam has excellent beam circularity down to the -30 dB
level and is symmetrical and clear of standing wave ripples. The co-polar patterns
agreed very well with the computed prediction and the peak cross-polarization level
was below -22dB, limited by the polarizer’s efficiency to filter out non-polarized
component (typically about 99 % at high frequencies). This limitation can be seen
by noting that the level of cross-polarization remains approximately fixed across a
bandwidth of 140 GHz. In particular, at the 600 GHz plot, the cross-polar level remains
approximately at —20 dB, showing no trend of worsening performance as predicted by

theory.

2.6 STUDY OF MULTIPLE FLARE-ANGLE HORN USING ANsys HFSS

Most horn design software packages, including HornSynth, can only model horns with
axial symmetry. They are particularly useful in predicting the behaviour of a certain
feed horn design with circular or rectangular symmetry, but cannot be employed to
incorporate non-axisymmetric features. In this section, we describe the use of HFSS to

model the feed horn in 3-D, including the non-axisymmetric errors.

3-D electromagnetic simulators are not commonly employed for predicting the per-
formance of horns because the electrically-large dimension of the model (~ 20A) often
presents a huge challenge for the computational memory requirement, particularly
for corrugated horns with large numbers of corrugations per wavelength. Multiple
flare-angle horn however, consist of only a few flare-angle discontinuities and long
phasing sections, hence the volume of meshing needed to accurately describe the
surface of the horn model is greatly reduced. This relaxes the heavy requirement on
computer memory, and makes possible the use of HFSS to study critical features of
our horn design, such as tolerances on fabrication errors and cross coupling between

adjacent horns.
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Figure 2.13: Examples of HFSS model of multiple flare-angle smooth-walled horn
with the free space boundary one A away from the feed horn.

2.6.1  Comparing simulation results with modal matching

Constructing a 3-D model of a multiple flare-angle horn using HFSS is rather straight-
forward. First, the feed horn model is set to be aluminium or a perfect conductor,
within a free space environment (boundary at least A /4 away from the feed horn).
This free space structure is assigned with the Radiation Boundary Condition, which
presents an infinite boundary by presenting a perfect match to the electromagnetic
field at the boundary. An E-field polarized wave port is then launched at the base
of the input waveguide, shown as a small circle at the bottom of Figure 2.13 with a
coordinate triad. An infinite far-field radiation sphere is setup by assigning the origin

of this infinite sphere at the centre of the horn aperture plane.

For generating the E- and H-plane far-field radiation patterns, we plot the fotal gain

at the x-plane (¢ = 0°) and the y-plane (¢ = 90°, assuming the polarized E-vector is
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Figure 2.14: Far-field patterns of a 3-section smooth-walled horn across the 230 GHz
design wavebands, generated by HornSynth, a full-horn HFSS model and a simplified

quarter-wedged horn HFSS model.
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aligned to the x-axis). The co-polar and cross-polar measurements are obtained from

the gain X and gain Y at ¢ = 45°, respectively.

In some cases, to further reduce the computational loading and time, we could take
advantage of the symmetry of the E- and H-field configuration of the horn (hereinafter
simplified model). This is done by drawing only a quarter portion of the original
model, including the free space environment, and assigning a perfect E- boundary
condition at the x-plane, and a perfect H-boundary condition at the y-plane, as shown
in Figure 2.13 (b). This virtually creates a mirror image of the model on the other side

of the x- or y- symmetric plane, hence resembling a full feed horn model.

As shown in Figure 2.14, the far-field patterns simulated by HFSS using both full
and simplified model match very well the results produced using modal matching.
The sidelobe positions were almost identical, but at the power level below -30 dB,
results from HFSS often show slightly lower power level and slight asymmetry. This
is because the HFSS finite tetrahedron meshing imitating the horn model might not

necessarily be axially symmetric (see Figure 2.13 (b)).

Note that in the cross-polarization plots, the matching with modal matching was
remarkably similar at the edge of the waveband. However, there were significantly

different in the central waveband where the cross-polar level is substantially lower.
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Figure 2.15: Far-field patterns of 230 GHz smooth-walled horn with 2, 8 and 20 modes,
compared with the results from HornSynth.
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This again, shows that the HFSS has the limitation in accuracy for prediction of power
levels below —40 dB, hence care should be taken when interpreting predictions at

lower power levels.

Increasing the number of modes in the simulated wave port improves the accuracy
of the HFSS model. However, this also increases the meshing frequency, hence
effectively enlarges the electrical-size of the model. Figure 2.15 shows the comparison
of simulating a 3-section smooth-walled horn with 2, 8 and 20 modes in the exciting
port. As can be seen, the results in general were reasonable even when only using
the TE;; and TMj; mode in the simulation. The main lobes match each other very
well, but increasing the number of modes does help to improve the accuracy of the
sidelobes. Nevertheless, increasing the number of modes more than 8 does not seem

to show much improvement.

2.6.2  Tolerance analysis

The use of HFSS to study the performance of a multiple flare-angle horn was largely
motivated by the need for tolerance analysis to investigate the effect of lateral mis-

alignment between the input waveguide and the horn. In Figure 2.16, we have
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Figure 2.16: Measurements of co- and cross-polarization for all three first generation
prototype horns, comparing with HFSS simulation. The lateral misalignment used in
the HFSS model are labelled on the top right of the panels, with E and H indicating
the plane where the misalignment shifted, and the number indicating the amount
of shifting. The solid curves are the measured data while the dotted curves are the
computed patterns. The black curves represent the co-polarization patterns, while the
red curves correspond to the cross-polarization patterns.
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simulated this effect by setting the circular waveguide to be offset by 50-100 ym, and
the simulated results were able to reproduce the asymmetry and the magnitude of the
cross-polar patterns of the measured pattern with these settings. The smoothing of
the dip in the cross-polarization pattern is also predicted correctly, especially in the
case of Horn No. 2 from the first fabrication batch, where the offset is more severe.
These results, together with the inspection of the horn interior, further confirmed that
the lateral misalignment is the cause of the asymmetry and high cross-polar level

measured previously in the first generation of the prototype horns.

2.6.3 Cross-coupling between two adjacent horns

Cross-coupling between two adjacent horns within a focal plane array can greatly
degrade the quality of astronomical data. In some cases such as CMB cosmology
instruments, the level of cross-coupling must be well below —40 dB. In principle, the
expected cross-coupling level can be estimated analytically (Olver et al., 1994) if the
aperture fields of both feeds were known. However, this is complicated in general,
as the aperture field of the horn is normally hard to describe accurately analytically,
but this calculation can be easily done numerically using HFSS, utilising its full 3-D
capability. Here, the cross-coupling level is defined as the ratio of the power received

by one horn to the input power injected into the input of the adjacent one.
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Figure 2.17: The HFSS predicted far-field patterns of the radiating horn in the two-
horn array, compared with the same patterns of a single horn. The panel on the right
shows the comparison of HFSS predicted cross-coupling with the measured data. The
red triangle indicates the measured response, while the black thick line represents the
result predicted by HFSS.
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Figure 2.17 shows the cross-coupling of power between two adjacent horns, with
0.7 mm separation between the aperture edges of the two horns. HFSS predicts that
the cross-coupling level is less than —50 dB across the required frequency band. The

far-field pattern of the horn is not at all affected by this low level of coupling.

The simulated results were compared with the measured cross-coupling level
between a two-horn array designed to operate from 210-250 GHz. Figure 2.18 shows
the two adjacent horns that were milled directly into a single aluminium block with
a 0.7 mm separation between the nearest edges of two horn apertures, a distance

appropriate for a realistic packed array.

The cross-coupling measurement was performed using the ABmm® Vector Net-
work Analyser (VNA) at Rutherford Appleton Laboratory, by measuring the power
coupled between the transmitter and the receiver ports (see Figure 2.18 (a)). A carbon
loaded epoxy cone was placed on top of the two-horn array to prevent the RF signal
being reflected back to the receiver horn. The power measured by the VNA was then

simply the cross-coupled RF power from the transmitter horn to the receiver horn

RF absorber

Two-horn
array
under test

L —1 .
Circular to rectangular
waveguide transition

]

Rectangular u
waveguide bend

Receiver Transmitter
Abmm
Vector Network
Analyser
(a) Cross-coupling measurement setup (b) Two-horn array

Figure 2.18: (a) Schematic diagram showing the setup of Abmm® VNA to measure the
cross-coupling between two horns. (b) Photo showing the two-horn array prototype.
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caused by the fringing of the aperture fields.

Figure 2.17 (c), shows that the measured cross-coupling level agreed with the level
predicted by HFSS, and was lower than —67 dB across the operating bandwidth. The
measured far-field beam patterns of both horns showed high similarity as well (Leech
et al., 2012), with the E- and H-plane measurements showing no deviation from the
computed beam patterns of the individual horns. The very low level of cross coupling
between the two adjacent horn supported by the agreement with computed results
demonstrates that smooth-walled horns fabricated by direct milling are suitable for

employment in close packed focal plane arrays.

2.7 SUMMARY

In this chapter, we have presented the design of a high performance multiple flare-
angle horn that have radiation pattern similar to that of the conventional corrugated
horn, but is much simpler to fabricate. The horn is suitable for producing a large

number of feed horn for a closely packed focal plane arrays.

We have demonstrated that the multiple flare-angle design is feasible at frequencies
as high as 700 GHz. The measured radiation patterns showed good performance and
agreed well with modal matching across a bandwidth of 140 GHz, covering the entire
astronomical window centred at 650 GHz. These results also demonstrate that the

fabrication technology described above is effective in the sub-mm wavelength range.

We have also used HFSS to estimate and correctly predict the tolerances in fabric-
ation that give rise to the asymmetry in the cross-polar patterns. This is important
since conventional software packages cannot simulate non-axisymmetric errors. HFSS
is also useful for estimating the cross-coupling level between two adjacent horns. We
have measured the cross-coupling between two smooth-walled horns in an array and
the results show a very low level of power coupling between the two horns, and good

agreement with HFSS prediction.
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SIS MIXER THEORY

Overview: In this chapter, we review the fundamental SIS mixer theory, to provide a
theoretical background for the subsequent studies presented throughout this thesis.
This includes the quantum tunnelling mechanisms that occurs in an SIS junction, and
the general principle of SIS heterodyne mixing theory. In particular, we will explain
the various analysis techniques, such as impedance recovery, used extensively to

assess the mixer performance.
3.1 INTRODUCTION

An SIS tunnel junction consists of two superconducting electrodes with a thin insulat-
ing barrier between them. Its operation as a heterodyne mixer relies on the quantum
tunnelling of charge carriers through a physical barrier, typically a few tens of A thick.
This thin barrier allows the wave function describing the particle on one side of the
barrier to have a finite probability amplitude at the opposite side, enabling the current

to flow between two superconducting electrodes.

There exists two types of charge carrier in the superconductors, Cooper pairs and
quasiparticles. In a superconductor below its critical temperature T, it is energetically
favourable for two electrons with equal momenta but opposite spin to bind together

and form a Cooper pair. The coupling between the pairs of electrons is mediated by

42
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their interaction with a phonon which allows them to condense to the lowest energy
state. Quasiparticles, on the other hand, are single electron-like states. They arise
when the Cooper pairs are broken by absorption of energy greater than their binding
energy 2A, where A is the superconducting gap energy typically in the range of a few

meV, corresponding to a few hundred GHz photons.

The excitation energy can be acquired through thermal absorption or an applied

electromagnetic field. The gap energy can be expressed as a gap voltage using

A1+ A
Veap = 1-: 2 where A; and A, are the gap energies of each superconducting

electrode across the barrier and e is the electron charge. In most cases, both electrodes
2A

are made of the same superconductor, thus Vg, = ~ The Bardeen-Cooper-Schrieffer

(BCS) theory (Bardeen et al., 1957) reveals that the gap voltage is a strong function of

physical temperature, for T ~ T,

T
eVeap ~ 3.52kpTe\ /1 — 7 3.1)
C

where kg is the Boltzmann’s constant and T is the physical temperature of the su-
perconductor. The critical temperature T, and hence Vg, of a thin superconducting
film, depend strongly on the quality of the superconductor. For an SIS junction,
the gap voltage of the thin superconducting layer is slightly less than that of a bulk

superconductor.

An important implication of the existence of a gap voltage is that it limits the

highest frequency up to which the tunnel junction can still operate as a low-loss mixer.

eVsap
h

and the mixer circuits are no longer lossless. For niobium, this limit occurs at about

Beyond the gap frequency (vgsp = ), the incident photons break the Cooper pairs
680 GHz. However, SIS junction can still operate up to twice this frequency limit
(e.g., Winkler & Claeson, 1987; de Lange, 1994), although the performance starts to
deteriorate well above the superconducting gap frequency, due to the rapid rise of the

superconductor’s surface impedance, and hence the conduction loss.

Geometrically, an SIS tunnel junction forms a parallel plate capacitor. Hence, any
RF signal across the junction will experience an intrinsic junction capacitance. This

property influences both the RF and IF operation bandwidth of an SIS tunnel junction
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as a quantum mixer. This intrinsic capacitance can potentially short out the unwanted
higher harmonics generated from the mixing process, but for maximum RF power
coupling to the SIS junction, tuning structures are required to tune it out across the
specific RF bandwidth (Raisanen et al., 1985; Kerr et al., 1988; Kerr & Pan, 1990; Kerr
et al., 1992).

3.2 QUASIPARTICLE TUNNELLING

From the BSC theory (e.g., Cyrot & Pavuna, 1992), the density of states for quasi-

particles in a superconductor is given by

e, HE>A
N(E) = EZ—A (3.2)

0, ifE<A
where E = v/e2 + A2 and ¢ is the quasiparticle energy in normal state measured with
reference to the Fermi level. Equation 3.2 clearly shows that no quasiparticles are
allowed to exist within the gap. The density of state profile is illustrated graphically
in Figure 3.1 using the so-called semiconductor picture, showing the density of states
increasing sharply near the edge of the gap at both sides of the barrier. This causes a
sudden rise in the nonlinearity of the SIS tunnel junction’s IV characteristic, as shown

in Figure 3.2, and gives the SIS mixer superior mixing properties at high frequencies.

When the tunnel junction is applied with a potential difference (V}) across the
barrier, the energy level of one electrode would be shifted with respect to the counter-
electrode. The quasiparticle tunnelling current through the junction may then be
calculated as (Tinkham, 1996)

~©dN(E) dN(E + eV},)

W) =C | —4F dE

[f(E+eVy) — f(E)]IdE, (3.3)

where C is a constant representing the conductance of the junction at Ohmic state and
the Fermi-Dirac distribution f(E) is given by

1

T (3.4)

f(E) =

Below the gap voltage, only a small number of thermally excited quasiparticles can

tunnel across to the unoccupied states of the counter-electrode. This subgap current
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(a) Subgap tunnelling (b) Onset of gap current (c) Tunnelling above gap

Figure 3.1: Energy level diagrams illustrating how the potential difference and the
absorption of photon energy influencing the magnitude of tunnelling current at
various biasing stages. (i) Leakage current. (ii) Photon-assisted tunnelling before
Veap. (iii) Sudden rise in current at Vg,,. (iv) Current suppression above the gap
due to photon-absorbed quasiparticle reduces the number of empty state at the
counter-electrode. (v) Linear increase in tunnelling current.

varies slowly with bias voltage at constant physical temperature, and is often referred
to as the leakage current. When the bias voltage reaches V), the large amount of
empty states at the counter-electrode is suddenly available to the quasiparticles on
the left, which gives rise to a rapid increase in the tunnelling current, resulting in
an extremely nonlinear IV curve. Biasing beyond the gap voltage, the amount of
quasiparticle tunnelling rises approximately linearly, following the normal resistance
Ry, of the junction. In practice, the gap is broadened by several mechanisms such as
the inhomogeneities within the junction area, the finite quasiparticle lifetime and the
proximity effect, where part of the junction is not superconducting, forming micro
SIN (superconductor-isolator-normal metal) junctions within the SIS junction. The

latter effect shows up in the tunnel current above the gap as a small excess current.

3.2.1  Photon-assisted quasiparticle tunnelling

Quasiparticles can tunnel through the barrier before Vj, = Vg, if they are illuminated

with an external radiation of frequency v, giving them enough energy to break the
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Figure 3.2: (a) Black curve: Typical current-voltage (IV) characteristic curve of an SIS
junction measured in a current-biased mode showing various features. Red curve:
IV curve of an SIS junction inflicted with a series resistance. (b) IV curves under
illumination of 230 GHz and 1 THz LO signal showing the ordinary photon steps and
the effect of negative step wrapping, respectively.

Cooper pairs. The condition for “photon-assisted tunnelling’ to happen is given by
nhv + eV, > 2A, where n is an integer corresponding to the number of photons
absorbed by a quasiparticle. For n = 1, the quasiparticles would be able to tunnel
across the barrier before Vg, at Vi, > Vggp — hev. This is shown as the first photon step
just below Vg, in Figure 3.2 (b). Quasiparticles can also absorb two or more photons
but with much smaller probability, giving rise to second and higher order photon

steps at much lower currents.

. hv . .
At bias voltages Vg, + —~ above the gap, a decrement in tunnelling current can
be seen. The tunnelling of excited quasiparticles tunnel to the higher energy level at
the counter-electrode reducing the number of empty states at the counter-electrodes

available for fresh quasiparticles, hence lowering the magnitude of tunnelling current.

The limitation of SIS mixer operate to twice the gap frequency comes from the
fact that the IV response of an SIS junction is antisymmetric. Obviously, the junction
can still absorb photon energy hv larger than the gap frequency. In this case, the first
photon step will be extended to the negative biasing voltage side, as with the negative
tirst photon step extends into the positive side. Due to the antisymmetric behaviour,
this negative photon step will cancel out the positive photon step (Figure 3.2 (b)). In

other words, the current flow from left-to-right is counter-balanced by the current
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flowing from right-to-left. This would reduce the first photon step that is optimum for
sub-mm mixing to region between the gap voltage and the end of the negative side
photon step. This continues until the photon energy reaches twice the gap frequency.
At this stage, the entire photon step is fully suppressed, and no biasing points will be

available for mixing.

3.3 COOPER PAIR TUNNELLING

Both Cooper pairs and quasiparticles can tunnel across an SIS junction. Mixers
employing Cooper pairs tunnelling are known as Josephson mixers to differentiate
from SIS mixers that employ quasiparticles as the carrier. Early work that has been
carried out on both types of mixers demonstrated that quasiparticle SIS mixers are
superior in performance (sensitivity and stability) compared to Josephson mixers.
Josephson mixers were therefore abandoned and it became customary to suppress

pair tunnelling when operating the SIS mixers.

Cooper pair tunnelling currents, commonly referred to as Josephson tunnelling
effect (Josephson, 1962), can exhibit either a DC or AC behaviour. If no voltage is
applied across an SIS junction, DC super current flows across the junction as a result of

the direct tunnelling of Cooper pairs. The DC Cooper pairs tunnelling current can be

wVeap
4RN
the superconducting wave function phase difference between the two superconductors.

described as I = I, sin ¢, where [, is the critical current given by I. ~ ,and ¢ is
The phase ¢ can take any value between £277, hence the amplitude of the current can
vary between +I. at 0 V. In normal circumstances, the DC super current is seen as a

vertical line in the IV curve of an SIS junction (see Figure 3.2).

The AC Josephson effect occurs when a constant voltage is applied across the

junction. The phase different now varies in time as

dj_ZeVb
dt  h’

ZEVht
h 7

thus @ = @o+ (3.5)

where V,, is the applied bias voltage. Inserting this time-varying phase difference

2eV
into the DC tunnelling current equation gives I = I; sin <ehbt> , which shows that
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2eV;
the AC Josephson current oscillates at frequency v = %, corresponding to about

484 GHz/mV.

For normal photon-assisted SIS mixer operation, both types of Josephson current
need to be suppressed, because they act as extra unstable current sources, hence add
noise to the mixer. The junction’s intrinsic capacitance can only partly short out these
Cooper pairs currents, hence a magnetic field needs to be applied across the junction
to suppress these unwanted currents. This technique is based on the fact that the
critical current I have a strong dependence on magnetic field flux ® . For a circular

junction, I, is modulated by ® according to

()
7 @O

Ji(x)

where J; is the Bessel function of the first kind, and @y is the magnetic flux quantum
h
% (Kooi, 2008). The magnetic field strength required to generate the equivalent

magnetic flux quantum is approximately B = , where [ is the length of the

Do
I(d+2A)
junction size perpendicular to the direction of B-field, d the barrier thickness, and A

the magnetic penetration depth.
3.3.1 Fiske steps and Shapiro steps

As we have mentioned previously, the junction capacitance shorts out the AC Joseph-
son current, except at the RF operating frequency where the junction capacitance
is tuned out by the tuning circuit. Without the applied magnetic field, this allows
the AC Josephson current to flow at these frequencies, and thus a gradual rise in
the current near the middle of the subgap region as shown in the DC IV curve in
Figure 3.2 (a). This feature is normally referred to as the Fiske step (Fiske, 1964).
The value of the bias voltage that maximises the Cooper pair tunnelling current
(VEiske) corresponds to the resonant frequency (fr.s) of the tuning circuit, given by

2eVE;
Fres = ¢ ;f iske ~ 484 (GHz/mV) X Vgt (mV). This is a valuable tool which provides

a first order assessment of the RF tuned frequency. Hence, the RF performance of the
device under test can be probed quickly by wiring the device to an appropriate jig

and dipping it into 4 K liquid helium to cool the device below its T¢.
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Under the illumination of an RF power source, the AC Josephson oscillations can
h
be excited at discrete voltage steps S, = ! 2Ue Lo _ 18 47[2)&%2) , where 7 is an integer

and v is the frequency of the RF source. These step features are known as Shapiro

steps (Shapiro, 1963). Shapiro steps have a sharp nonlinearity, and it is this sharp
nonlinearity that is utilised in the Josephson mixer for high gain down-conversion.
However, if the tunnel junction is configured to operate as an SIS mixer, biasing on
Shapiro step normally causes large excess of noise in the mixer, resulting in unstable
receiver behaviour. Thus, they are normally suppressed with the applied magnetic

tield, and the the mixer is biased at voltages distant away from these steps.

3.4 GENERAL MIXER THEORY

A simple SIS mixer system can be represented using a Thevénin or a Norton equivalent
circuit network, as shown in Figure 3.3 (a). Here, the induced LO current source I; o
is connected in parallel with an embedding admittance Y,,,;, while the SIS junction
is represented by its intrinsic admittance Y;. The two parameters I;p and Y, are
influenced by other components connected to the SIS junction, such as the tuning
circuits, finlines, waveguide, etc. Since the electromagnetic behaviour of most of these

external components are frequency dependent, the value of both I; o and Y,,,;, vary

Source  <«+> Junction Signal

Lo Mixer

Y, 1
T

R B 3

(a) Radiation source coupled to a junction (b) Heterodyne mixer in 3-port approximation
as load admittance

Figure 3.3: A simple SIS mixer model represented as an equivalent Norton circuit.
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with frequency. From this simple network representation, it is not hard to see that as
long as I; o, Yemp and Y are known, the voltage V; across the junction can be found,

and thus the current I; it generates.

Fundamental circuit theory requires that Y,,,;, = Y]* for the maximum power
transfer from the RF/LO to the SIS junction i.e., the junction capacitance is fully tuned

out, leaving only an Ohmic junction. If this condition is met, then the power absorbed

12
by the junction is Pay = 8’ GLO‘ , where G,,,;, is the real part of the source admittance,
emb

assuming the LO power is much stronger than the RF signal.

Let’s us first consider the situation where the SIS junction is not illuminated with
an LO and simply biased through an applied voltage across the junction and solve for
the induced current generated in the junction. This can be obtained from Tucker’s
quantum detection theory (Tucker, 1979; Tucker & Feldman, 1985), which provides the
fundamental framework for describing the behaviour of an SIS mixer. Its formulation
is based mainly on the modified transfer Hamiltonian of tunnelling, where a term
describing the effect of coupling across the barrier is added to the superconductor’s
quasiparticle Hamiltonian i.e.,

Hr = Y (Tyyeteg + Thcper) = Hi + Hy, (3.7)

Kqo
where ¢ and ¢, are the operators describing the Bloch states of the quasiparticles
in both electrodes, and Tj, the matrix element representing the barrier penetration
between states of comparable energy level. This Hamiltonian can be split into H; and

Hp, where each term characterises the tunnelling of quasiparticles in either direction.

The effect of applied voltage V() can be introduced coherently onto the wave
function of the quasiparticle states on the ungrounded electrode as a modulation of

its phase factor given by

e ot
£(t) = exp {—;‘; / V(t/)dt’], (3.8)
0
which can be Fourier transformed into / W(w)e ™dw to give the phase factor

W(w). From this, the average quasiparticle tunnelling current can be evaluated as
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(Werthamer, 1966)

/

Im/ (w")e W=t (Vo - hc:) dw'dw” (3.9)
where V) is the bias voltage and j(V) is the response function of the junction given by
j(V) = ilace(Vo) + Ikx (Vo), (3.10)

where I;(Vp) = Im[j(V)] is the junction DC IV curve. The reactive tunnel current

Ixx (Vo) can be found via the Kramer-Kronig (KK) transform of I;.(Vp),

P/ dv’ Idc V/ V'/Rn

Ixk (Vo) = Relj(V T (3.11)

where P is the Cauchy principle value for the integral, I;. is the unpumped IV curve,

V' is the IV curve voltage and Ry is the normal state resistance of the SIS junction.
3.4.1 Large signal analysis

Under LO illumination, the potential difference across the junction can be modified to
incorporate the periodic voltage induced by the LO source as
V(t)=Vo+ Y Ve P (3.12)
p=1

where V), is the complex amplitude of the p'" harmonic of the LO source. This changes

the phase factor of the quasiparticle Bloch states into
f(t) =exp | =i} apsin(pwt +¢p) | = H Y Ju(ap)e @t o), (3.13)

p=1 p=1n=—c0

Weap |V, %
Here, a = SEP | P | = | p| is a dimensionless quantity describing the level of LO

pw p Vph
driving power at p harmonic, Von =

5 is the normalised photon voltage, ¢p is
8ap
the phase of the voltage at p" harmonic and J,, is the n'h order of the Bessel function

of the first kind. Assuming the higher harmonics of the LO are all shorted out, the
eVio

junction drive level can be simplified to a, =

Inserting Equation 3.13 into 3.8 and solving for 3.9, we obtain

Iro(t) = Im Z Jn (@) Jntm(a)e mej (V‘J"m}) (3.14)

n,m=—o0
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Given that the junction capacitance practically shunts the second and higher LO
harmonics, we can limit our calculation to the value of m = —1,0,1. The LO pumped
DC IV curve of the junction can now be written with m = 0 as

Lic(Vo, Vio) = Z Jr(e) Lae (Vo + @) (3.15)
n=—co
while the complex tunnelling current induced by the LO in the SIS junction can now

be defined as I{, = I} + iI],, where

Ho(VoVio) = Y- Jn@Uu (@) 4l @M% (Vo+ ™), (316)
I{o(Vo, Vio) = Z Ju(@)Jn-1(a) = Jus1(a )]IKK(V0+@) (3.17)

3.4.2  Small signal analysis

The above analysis dealt with only the direct current induced from a single frequency
component, the LO signal, and did not include the effect of mixing of the LO with the
RF signals at the USB and LSB frequencies. To evaluate the mixer behaviour in the
present of weak RF radiation and a strong LO signal at frequency w;p, we have to
replace the ‘one-port” model of the junction shown in Figure 3.3 (a) with the ‘four-port’

model in Figure 3.3 (b).

In principle, each sideband signal at a frequency w;,, = mwro + wo will mix with
the LO and its harmonics, down-converting them to the same intermediate frequency
wrr = wy. Nevertheless, as we have already mentioned, we shall only concentrate
on the frequency components m = %1, assuming that all the higher harmonics are
shorted by the SIS junction’s intrinsic capacitance. In the following discussion, we
shall assume the useful RF signal is in the USB, hence w; = ws is the signal and the

LSB w_1 = wy is the image sideband.

In this four-port’ model, the junction is connected with four frequency ports at the
signal, LO, image, and the IF frequency ports. Similar to the LO source, the signal and
image port are connected to an equivalent power source (representing the RF signal
or white noise), while the IF port is terminated with a load of conductance G;. For a

DSB mixer, the electrical properties of the RF signal from the sky is thus the sum of
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both sidebands, given by
Vrr(t) =Re Y Ve’ and Igp(t) =Re Y I, (for m#0). (3.18)
m=—oo m=—oo
Both voltage and current component of each sideband can therefore be related linearly
in term of I, = Re Z Y, Vi, via the admittance matrix Yy, = Gy + iByy, Where

m/
Y,y is the matrix elements that sums up all the interaction of the tunnel junction with

the different frequencies given by

I Y11+ Yuss Y10 Y11 Vi
0 | = Yo1 Yoo + YL Y) Vo (3.19)
I, Y 14 Y 10 Y11+ Yiss V.4,

where Iy, Yyysg and I_1, Y1 sp are the amplitude and internal impedance of the equival-
ent signal source at the USB and LSB frequency, Y, is the load impedance at the IF
port, and V;, Vp and V_; are the voltages across the different ports. This conversion
matrix Y, entirely describes the mixing behaviour of the device, where the real and

imaginary part of Y;,,» were derived by Tucker & Feldman (1985) as

G = 2o,y . n;,m ]n(“)]n’ (“)5m—m/,n’—n[ldc(V0 + E(n w+ wm/))

hw hw h
- Idc(VO + 1’1/7) + Idc(VO + 1’17) - Idc(VO + E(”w - wm’))]r (3-20)

and

[ee]

Z T (@) T (&) O p— it o —nl Ik (Vo + Z(i’l/w + wy))

nn'=—oo

e

B = 2k,
hw hw h

— IKK(VO + 1’1/7) + IKK(VQ + 1’17) — IKK(VQ + E(le - wm/))]. (3.21)

To obtain Yy, one could expands the total current through the barrier (I(t)) =
Iro(t) + Irp(f) and the total voltage across the barrier V(t) = Vo + Vio(t) + Vre(t), or
through the measured DC IV curve and its KK transformation, since they in principle

contains all the information regarding both quantities of interest.
3.4.3 Impedance recovery

Analysis of the mixer behaviour requires the measurement of the pumped DC current

Iic(Vo, Vio) and the unpumped IV curve (¢ = 0). From this, we can solve for the
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Figure 3.4: Example of embedding impedance recovery using SuperMix of a slightly
capacitively tuned device.

pump parameter a at each bias point. Once & is known, the current I}, generated
from the SIS junction can be calculated. Referring back to Figure 3.3 (a), we can
see that the only remaining unknown parameters now are Y,,,;, and Iro, since the

equivalent circuit can be described by
Io(Vo, Vio) = Yems Vio + 11 (Vo, Vio)- (3.22)

Both of these parameters can be recovered following the method first described by
Skalare (1989). This method matches the RF voltage across the junction Vo = 04717w at
a certain bias point. Therefore, at each of this bias points, we are provided with an
independent equation in the form of Equation 3.22. By solving (or minimising the

error of)

1T.0(Vo, Vio)|? = [Yems Vo + I8 (Vo, Vio)|> = 0 (3.23)

for several bias points (typically on the linear portion of the first photon step) iterat-

ively, the parameters Y,,,;, and I;o can be found.

In our analysis, we have used SuperMix! to implement impedance recovery. Here,
the SuperMix circuit model consists of only the equivalent circuit i.e., a linear source
impedance and an embedding impedance to be found, connected to an SIS tunnel

junction. By supplying this simple model with experimentally measured pumped

IThe software library developed by the California Institute of Technology’s Submillimeter
Astrophysics Group (Caltech) specifically to aid the calculation and analysis of high-frequency
SIS mixer circuits (Ward et al., 1999; Rice et al., 2000). It can be downloaded from
https://www.submm. caltech.edu/supermix.
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Figure 3.5: (Left panel) Examples showing the pumping level and the normalised
susceptance of a tuned SIS mixer pumped at 345 GHz. (Right panel) show the pumped
curves and how the pump parameter for a slightly capacitive (left) and a slightly
inductive (right) SIS mixer varies against the bias voltages.

and unpumped IV curves, it can be coded such that a range of bias points are swept
through, to find a combination of «, Y,,,; and I; o that match the theoretically generated
pumped IV curve with the experimentally obtained one. This is normally done across

a portion (~90%) of the first photon step, as shown in Figure 3.4.

Even without complicated computational calculation, one can in fact estimate to
first order the embedding impedance by simply observing the slope of the first photon
step. This results from the fact that the susceptance of a perfectly tuned junction
shifts from capacitive to inductive at the first photon step, as shown in Figure 3.5 (a).
If the junction capacitance is not fully cancelled out i.e., a slightly capacitive device
(Figure 3.5 (b)), the residual embedding capacitance resonates with the inductive
susceptance of the junction near the rear edge of the first photon step. This results
in stronger absorption of the LO power toward the gap, hence the positive slope of
the first photon step. On the other hand (Figure 3.5 (c)), if the junction capacitance
is over-compensated at a certain frequency, the situation is just the opposite. Closer
to the gap, there would be a large mismatch between the inductive source and the
junction inductive susceptance. This reduces the LO power absorbed by the junction,

hence the negative slope of the first photon step.
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3.5 MEASUREMENT OF THE SIS MIXER PERFORMANCE
3.5.1  Y-factor noise temperature measurement

An SIS mixer can in principle achieve conversion gain Gg > 1, and its sensitivity is
commonly defined by the amount of noise power (Py) generated by the mixer device.
This noise power is related approximately to its equivalent noise temperature Ty via
the Rayleigh-Jeans (R-J) approximation, Py = kgT,J,, where 6, is the bandwidth of
the receiver. The noise power Py of an SIS mixer can be estimated using the standard
Y-factor method, by measuring the mixer’s output power at two different input power
levels. The two power levels are typically generated using radiating/absorbing loads
at room temperature (293 K, hereinafter the hot load) and at the boiling point of liquid
nitrogen (77 K, hereinafter the cold load). The measured noise power is then given by

in in
PN Phot chold

Thot - YTcold
Y -1 ! '

T (3.24)

or equivalently, In =

Here, T}, and T,y are the radiation temperature of the hot and cold loads, and
out

Y = PZ‘%%, where P24 = G( P;th + Py) and PO, = Go(Pin 4 T Pn). Strictly speaking,
co

these sets of equations are only valid at low frequency, where the R-] approximation

still holds. At higher frequencies, a more accurate expression (Callen & Welton, 1951)
is available but, as shown in e.g., Kittara (2002) and Grimes (2006), the difference at
700 GHz is only about 1.5%. Hence throughout this thesis, we will only use the R-J

approximation.

Y-factor measurements estimate the overall noise temperature added by the whole
receiver, which does not include only the SIS junction, but all the losses contributed
by the other components forming the complete receiver. To understand the noise
contribution from these various components, we can represent the receiver as a
simple cascaded circuit made up of noisy electrical components. The receiver noise
temperature can then be written as

T T3 T,
TN=Ti+ =+ = -+ !

—_— 3.25
G GG G1G2... Gy (3.25)

where Ty, Ty, ..., T, are the input noise temperatures and, G1, Gy, ..., G, are the gain

of each component respectively, assuming a perfect impedance match between com-
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Figure 3.6: Diagram showing the various components making up to the final SIS
receiver that contribute to the overall noise temperature.

ponents. The overall system gain is then simply Gy = G1G>...G,. For passive

1
components, the effective noise temperature is given as T,¢s = ( G- 1) T, where T

is the physical temperature and 1/G is the attenuation (loss).
An effective way to estimate the receiver noise temperature is to break the complete
receiver into three main sub-systems: the RF, the IF and the junction itself. This is

shown in Figure 3.6, which expresses the receiver’s noise temperature as

1 T T

Grr Grr  GrrGsrs'

This example assumes that the first stage cryogenic IF amplifier has a very large gain

that would makes the noise contribution from the subsequent components negligible.

In the above formulation, the RF noise contribution is given by all the compon-
ents before the SIS junction (i.e., optics and transmission line losses), while the IF
contribution is the noise temperature of the various amplification stages and other
IF components after the junction. There exist several experimental techniques (Ke &
Feldman, 1994; Buffey, 1999; Woody et al., 1985) for estimating the noise contribution

of these sub-systems independently, which shall be described below.
3.5.1.1 RF noise contribution

We can simplify Equation 3.26 as

Tir

TN=T+_-—1%
N GrrGsis

1 T
where T’ = ( - 1) Trr + =22 (3.27)
GRrF GRrr

is now the total RF noise contribution in front of the junction, including the junction

noise. If a load at temperature Tj, is placed in front of the mixer, the power output per
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unit instantaneous bandwidth can be written as Pyt (T;,) = kg(Tn + Tin) Go, where
GQ = GRFGSISGIP Substituting for TN, we have Pout(Tin) = kB(T/ + Tin)GO + kBTH:GH:.
If we plot Py, against T;,, we obtain a straight line with a slope of kpGy and y-axis

interception at kg TirGrr.

It is well known that the mixer gain Gsjs (and hence Gy) is a strong function of
the LO pump level, whereas the mixer noise Ts;s varies only slowly with the LO
power level below the peak gain (Ke & Feldman, 1994). Hence, assuming that Tsys
remains constant, we can plot a series of straight lines by varying the LO power level
(hence kpGo), with T;;, = Ty ot and Tj, = Tiy, 014 for the two data points that defines
the straight line. All these lines will intersect at Tj, = —T’', with P,; = kgTirGyr.
This graphical method, as illustrated in Figure 3.7 (a), provides a convenient mean to

estimate the RF noise.
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Figure 3.7: Examples showing (a) the intersecting line method for estimating the total
contribution of RF losses to the mixer noise temperature, and (b) IF gain calibration
method for estimating IF noise.
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3.5.1.2  Conversion gain & IF noise contribution

The conversion gain of the SIS mixer can be estimated experimentally using the shot
noise property of the junction itself (Woody et al., 1985). The shot noise contribution

from an unpumped SIS junction can be written as (Rogovin & Scalapino, 1974)

1 €Vb
Tsnot = =—elIpcR h|( ——%— 2
shot kg elpciRayn cot <2kB Tphys ) ’ (3 8)

where Ipc is the DC tunnelling current, Ry, is the dynamic impedance of the junction,
and Ty is the physical temperature of the system, at bias voltage V. Above the gap,
the tunnelling current rises approximately linear with bias voltage. The IF output in
this region arises from the shot noise generated by the junction itself. Equation 3.28 at

this linear portion of the DC IV curve can then be simplified to

eIpcRN
2kp

Tshot = + constant ~ 5800 x V}, 4+ constant, (3.29)

where Ry is the normal resistance of the junction, the bias voltage V}, = IpcRy, and
its gradient approximates to 5.8 K/mV. Dividing this with the gradient measured
from the IF output curve (in arbitrary units (au) per mV) above the gap voltage region,
gives the scaling factor X;r in the units of K/au. The reciprocal of this scaling factor
is in fact, the gain of the IF components, G;r = XlIF, in the unit of au/K, since it

represents the measured output power of the IF system, with reference to the known

junction’s shot noise power at the IF input port.

Now consider a simple two component system, consisting of only the SIS mixer
(ignoring the passive RF components) connected to an IF amplifier (concatenation
of various IF amplification stages). Using the R-J approximation, we can write the
output power at the output port of the SIS mixer (or input power for the IF amplifier)

and the measured output power from the IF amplifier as

Pout,mix = Gmixks(Tinnot — Tin,cotd) and, Pout, final = kB (Tout ot — Tout,cold),
(3.30)
respectively. Note that here, G,,;, is actually the product of GrrGsys, not just the
actual gain of the SIS junction itself, if the RF components are included in the calcula-

tions. Since IF amplifier gain Gjr is already known, we can now estimate the mixer
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conversion gain i.e.,

Gir = Pout,final _ Toutnot — Tout,cold hence, Goix = 1 Touthot — Tout,cold ‘
Poutmix  Gmix(Tin ot — Tin,cold) Gir Tinpot — Tincold
(3.31)
We can also use the shot noise property of the SIS junction to estimate the noise
contribution of the IF sub-system. The shot noise current does not start to flow before
a finite voltage Vi—g is reached. V;—( can be found by extrapolating the linear portion
(above the gap) of the junction’s unpumped DC IV curve back to the zero current
axis (Woody et al., 1985). At this point, the shot noise contribution from the junction
is zero, therefore the IF output power generated by the junction must also be zero.
Performing the same extrapolation on the IF curve and measuring the output power at
Vi—o, we can find the additional noise generated by the IF system itself. This method

for estimating the IF noise contribution is illustrated graphically in Figure 3.7 (b).
3.5.2  Noise temperature and gain correction for optical losses

The warm optical components in front of the mixer i.e., beam splitter, Dewar window
and infrared (IR) filter, can account for a large portion of the RF loss. To obtain a
closer estimate of the mixer’s actual performance, we often correct the measured Ty

for these losses.

The optical properties of both the beam splitter and the Dewar window can
be calculated by considering them as a Fabry-Perot interferometer as described in
Goldsmith & Button (1982). For the beam splitter, the transmission coefficient at
several hundreds GHz is approximately inversely proportional to its thickness, which
is generally around a few tens of microns. Dewar windows, on the other hand, have
to be made much thicker (in the range of hundred microns) so that they are strong
enough to stand atmospheric pressure against the vacuum inside the Dewar. They
are normally made out of polyethylene, and since their thicknesses are closed to the
wavelength of the GHz signal, they have to be designed such that they would allow
maximum transmission near the mixer operating frequency band. Figure 3.8 shows
examples of calculated reflection losses from beam splitters with various thickness,

and a flat 660 ym thick HDPE window. Note that these calculations do not take into
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account the absorption losses due to the water content which could be significant,
especially in the beam splitters that are exposed to the moist atmosphere. Direct
measurements of beam splitter losses made by Isaak (1995) at 550 GHz show that the
measured value can sometimes be higher than the theoretical prediction by about

13%.

As for the IR filter, a few layers of Zitex®membrane are normally used to reduce
the heat loading. These thin flaps of Teflon have a reflective index of about 1.22 (Kooi,
2008). At low frequencies, they are almost transparent to the LO irradiation, but at
wavelength shorter than 450 pm, they can easily give rise to 5-10% of transmission

loss, as measured by Benford et al. (2003).

Optical losses can be corrected from the measured noise temperature using Equa-
tion 3.26, since the gain and the R-J] temperature of each component can be estimated
theoretically or experimentally using the methods described above. If we know the
predicted optical loss, we can also correct for the measured mixer conversion gain.
Recall that G,,;y in Equation 3.31 is in fact Gsis X Ggrr, thus by simply calculating

mix

Ggis = Cor’ we would have a better estimate of the actual mixer conversion gain.
RF

3.6 SUMMARY

In this chapter, we have outlined the fundamentals of quantum detection theories
that govern the behaviour of the SIS tunnel junction mixer. We have also summarised
several experimental techniques used frequently to assess the performance of the SIS
mixer, such as the impedance recovery, SIS mixer noise temperature measurement

and techniques for estimating the RF and IF noise contributions.
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DESIGN OF UNILATERAL FINLINE SIS MIXER

Overview: This chapter describes the designs of niobium based single-ended SIS
mixers optimised to work in the frequency range of 600-700 GHz. We will first
review the various design variations, followed by a detailed discussion of each
circuit component that comprises the final mixer design, supported by the rigorous
electromagnetic simulations. Finally, the full mixer chip’s performance predicted

using SuperMix will be presented.

4.1 INTRODUCTION

All the SIS mixer designs described in this thesis employ a unilateral finline taper as
the waveguide-to-planar circuitry transition. An important advantage of unilateral
finline taper is that it provides an extremely wide band and smooth transition from
the waveguide impedance to a low slotline impedance (Yassin et al., 2008). The
transition from slotline to microstrip can be achieved easily and can be made to exhibit
broadband performance as well. Once the RF power is coupled to the microstrip
mode, the finline chip does not need the waveguide, hence all the additional circuits

can elegantly be fabricated using microstrip.

As explained in Chapter 1, the design of a unilateral finline taper is straightforward

and its electromagnetic behaviour can easily be simulated. Unilateral finline SIS mixer

62
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chips have large substrate area which is very useful for circuit integration, and require
only a simple mixer block design without any mechanical tuners, as all the supercon-
ducting circuit can be deposited on-chip using planar circuit technology. One should
be aware however, that this large planar circuit chip can present high capacitance at IF
frequencies, but with careful design, the performance can be optimised for wide IF

bandwidth operation (e.g., >10 GHz).

4.1.1  Silicon-On-Insulator (SOI) technology

Conventional SIS mixers at sub-mm frequencies have usually been deposited on
~ 100 pm quartz, or silicon substrates that has a relatively high dielectric constant.
Finline chips in particular require grooves of significant depth and height to be
machined in the waveguide wall in order to support the mixer chip in the E-plane
of the waveguide. This can potentially excite higher order modes, hence limiting the

mixer operation at higher frequency band.

The introduction of the Silicon-on-Insulator (SOI) technology (Westig et al., 2011) al-
lows the finline mixer to be fabricated on an extremely thin silicon substrate (~15 ym),
hence extending their employment to the THz region. The very thin substrate presents
light loading to the incoming waveguide signal, hence avoids the excitation of higher
order modes within a relatively large bandwidth. It also helps to reduce planar circuit
losses incur by the substrate loading. The required mixer block design is extremely
simple, consisting of only two halves of a rectangular waveguide. This is because the
light chip will no longer need a deep groove in the waveguide wall but can now be
supported by gold beam leads deposited on-chip. These beam leads also provide an
easier mean to position the mixer chip within the waveguide via shallow locating
pockets. Since the beam leads are only a few microns thick, these shallow pockets

have negligible effect on the RF performance of the SIS mixer.

The SOI mixer chips are also markedly easier to handle. Once the SOI chips are
fabricated, they are ready to be mounted; compared to the quartz or silicon substrate
chips that required to be thinned and diced individually. SOI devices can easily be

dropped into the waveguide, and bonded directly on to the surface of the mixer split
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block, without the need of bond wires. This is important as it simplifies the mounting
process, which is highly desirable if a large number of mixer chips are to be populated
across a large focal plane array. It also eliminates the additional inductive effect from
the bonding wires affecting the IF performance of the mixer chip. The wide beam
leads provide large contact area between the mixer chip and the mixer block, which
leads to better cooling of the mixer chip, hence improving the mixing performance.
Avoiding the dicing and thinning process also reduces significantly the possibility
that the mixer chips being damaged during these hazardous mechanical handling

procedures.

In the new mixer designs, the unilateral finline taper and the entire superconducting
circuit are designed to be deposited on a 15 ym thick SOI substrate (hereinafter SOI
mixers). In addition to the SOI mixers described above, we have also fabricated a batch
of similar design mixers on a conventional 60 ym thick quartz substrate (hereinafter
quartz mixers). This allows us to better understand the behaviour of the new design
features and to verify the performance of the on-chip planar circuits irrespective of
the substrate material or configuration. Although the exact dimensions of the various
features are altered slightly to suit the substrate, the tested results should in principle

be able to provide a good comparison between the SOI and quartz devices.

4.2 MIXER DESIGN

We have developed four different designs of the single-ended 700 GHz unilateral
finline SIS mixers. They differ in the use of two different types of finline-to-microstrip

transitions, and the use of two different substrates (Tan et al., 2010c¢; Tan et al., 2012).

Figure 4.1 shows all the four design variations and the basic components of the
unilateral finline mixer chip. Each design comprises 6 major sections, in the direction
of the RF signal propagation: a matching notch, unilateral finline taper, finline-to-
microstrip transition, superconducting tuning circuit, RF chokes and an IF bonding
pad or IF beam lead. A major topological difference between the quartz and the SOI
mixers is the need for serrated chokes in the former and the employment of gold

beam leads in the later.
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Figure 4.1: Overview of the unilateral finline mixer designs, with two different types
of finline-to-microstrip transition and two different types of substrate, showing the
different components of the complete mixer chip. The red dot near the half-moon
stub indicates the location of the SIS tunnel junction.
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Table 4.1: Materials and dimensions of components used in our SIS mixer chips.

Structure Material Dimension
SIS junction Nb/AlO,/Nb 1 ym?
Substrate Silicon 15 ym
quartz 60 ym
Ground plane Niobium 250 nm
Dielectric layer | Silicon monoxide 475 nm
Signal layer Niobium 400 nm
Waveguide Aluminium 320 x 160 pm

Apart from the substrates, the design layouts differ mainly in the method used
to couple power from the finline to the microstrip. The first design employs a direct
slotline-to-microstrip transition (hereinafter the direct-mixer) and the second utilise
an intermediate coplanar waveguide sections to better match the impedance of the

slotline to the microstrip (hereinafter the CPW-mixer).

All the mixers are designed to work in conjunction with a circular Nb/AlO, /Nb
(niobium /aluminium-oxide/niobium) SIS tunnel junction with the total area of 1 ym?.
This corresponds to a normal resistance of approximately 20 (2 and junction capa-
citance of 75 fF, giving wR,C ~ 1 at 650 GHz. Table 4.1 summarises the material
and dimensions of the common structures used in all mixer designs. The Nb ground
plane film which forms the two fins is separated from the Nb wiring film forming the
microstrip by a 475 nm silicon monoxide (SiO, dielectric constant=5.8) insulating layer.

The design procedure is summarised as follows:

1. The profile of the unilateral finline taper was determined using Oxford’s FinSynth
package (North et al., 2006) and verified with HFSS, together with the design of

the matching notch.

2. Transition from finline to microstrip, mixer tuning circuit, IF choke and other

superconducting circuits were designed using Ansys Designer and HFSS.

3. Superconductivity was included by inserting the superconducting surface im-

pedance to the perfect conductor structure in HFSS 1.

I This is done by approximating the characteristic of the superconducting surface impedance with
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4. Complete mixer chip simulation were performed in HFSS, with further altera-

tions on the various circuit components for optimised RF performance.

5. Mixing performance was verified using Caltech’s SuperMix package by feeding

the scattering matrices of the electromagnetic circuit components from HFSS.

In the following sections we describe the design and simulation of the individual
passive components of the mixer chip. Since the design procedure for the quartz and

the SOI mixers is similar, only the SOI mixer design will be described in details.
4.2.1  Waveguide-to-slotline transition

The profile of the unilateral finline taper was carefully calculated using FinSynth, an
Oxford software package written by North et al. (2006). FinSynth uses the Optimum
Taper Method to search for a unilateral finline profile that has minimum length for
a required return loss. The profile of the taper is synthesised by converting the
computed cutoff frequency taper into a slotline taper. The final design is checked
with Ansys HFSS for a full 3-D electromagnetic simulation including the effect of
superconductivity surface impedance, the enclosing waveguide, and the matching

notches.

As seen from Figure 4.2 (a), a unilateral taper transforms the RF power from the
waveguide mode into a slotline with a simple single layer structure. The slot width
needs to be tapered from 160 ym (waveguide width) to approximately 2.5 ym, in
order to reduce the characteristic impedance from ~ 500 () to the values comparable

for CPW or microstrip matching (~20-30 Q2).

A matching notch is required before the finline to match the impedance of the
substrate loaded waveguide to the empty waveguide. For the quartz mixer, a simple
triangular ~ A;/4 notch (optimised to 240 um) is sufficient for a good return loss
performance. However, for substrates with higher dielectric constant, such as silicon

substrates, multiple notch transformers should be used. Thus for SOI mixers, we

a polynomial equation, but not from the full Mattis-Bardeen equation. This approximate equation is
inserted as the frequency dependent surface impedance of the perfect conductor used to construct the
circuit in HFSS.
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Figure 4.2: (a) Layout of the unilateral finline taper with a 2-step notch to match
the impedance of the unloaded waveguide to the 15 ym SOI substrate. The quoted
dimensions of the matching notches are in width xlength, in um. (b) Return loss and
coupling efficiency across the designated RF bands for both the quartz and the SOI
substrates.

use a 2-step rectangular notch (approximately A¢/4 long) to form the transformer for

broader RF band performance.

Figure 4.2 (b) shows the computed scattering parameters of the unilateral finline
taper with the appropriate matching notches for both the 15 ym SOI and the 60 ym
quartz substrate. The performance is excellent with return loss below —20 dB over

more than 150 GHz bandwidth.
4.2.2  Slotline-to-microstrip transition

Since the SIS junction is fabricated across a microstrip line, a transition from slotline
to microstrip line is required. This transition can be realised either through direct
coupling across the dielectric layer, or more efficiently via intermediate CPW sections.
The need for the intermediate CPW sections arises because even for a very narrow
slot (3 um), the impedance of the slotline is still much higher than the 20 () value
presented by a very narrow (3 ym) microstrip, feasible for photolithography fabrication.
Nevertheless, we used both types of transitions to design the new finline mixers, and

the advantages and limitations of each option will be discussed below.
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4.2.2.1 Direct slotline-to-microstrip transition

Figure 4.3 (a) shows the layout of the direct slotline-to-microstrip transition. Both
transmission lines are connected to a 90° radial stub of approximately A, /4 in radius.
At the crossing plane between the slotline and the microstrip, the slotline’s radial stub
is designed to appear as open-circuit, and the microstrip’s radial stub as a short. This
combination guides the RF signal to propagate from the slotline to the microstrip, as
illustrated in Figure 4.4 (b), where the field lines gently fold-over from tangential to

vertical mode.

The advantage of the direct-transition is that the layout is simple. Different material
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(a) Direct slotline-to-microstrip transition (b) S-parameters at 700 GHz band

Figure 4.3: Layout of the direct slotline-to-microstrip transition. Figure (b) shows the
return loss and coupling efficiency across the designated RF band for the SOI design.
The dimensions for the radial stubs are in radius (ym)xangle (°).

Microstrip signal layer

Microstrip

~— Oxide layer
~—Fins

(a) Layer stacking (b) Slotline-to-microstrip
transition

Figure 4.4: Figure (a) shows the layer structure of the transition from slotline to
microstrip. Figure (b) shows how the field lines transit from the slotline to microstrip.
Images courtesy of Yassin et al. (2008).
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layers are clearly separated, as shown in Figure 4.4 (a), thus avoiding potential shorting
during fabrication. The RF path can also be arranged easily to align along the central
axis to the chip. However, the large difference in the characteristic impedance between
a slotline and a microstrip, requires more careful considerations. For example, the
choice of a junction normal impedance of 20 (2 is compatible to a microstrip width of
about 2-3 ym (with a silicon monoxide SiO isolating layer of 475 nm thick), which can
just about be fabricated using standard photolithography. A slotline of width 2.5 ym
on a 15 um silicon substrate however, has an impedance of ~65 (), and decreasing the

impedance requires even narrower slots which is not practically feasible.

Figure 4.3 (b) shows the HFSS calculated transmission and return loss of the
transition, with a 2.5 ym slotline and microstrip with the same width, on a 15 ym
SOI substrate. As can be seen, the performance is reasonable but not excellent (return
loss is mostly between —10 and —20 dB). To further reduce the return loss without
changing the size of the slotline and microstrip, one generally have to increase the
size of the radial stub, but this might induce large capacitance at IF frequencies, and
limits the IF operating bandwidth. One way to circumvent this problem is to use
multi-stages transformer to bridge the impedance to the SIS junction, as shall be seen

later in Section 4.2.3.

4.2.2.2  Transition via coplanar waveguide

CPW offers a wide range of impedance values that can easily be exploited to bridge
the slotline-microstrip mismatch. Neglecting the fringing effects, its characteristic
impedance is determined mainly by the ratio of the central strip width (s) to the
gap width (w) between the central strip and the ground plane. Using the quasi-

static approximation and assuming the substrate is infinitely thick, its characteristic

!
impedance can be estimated as Z ., = 30 K'(k) where k = i , K(k) is the
Veeff K(k) s+ 2w

complete elliptic integral of the first kind, K’ (k) = K(v/1 —k2), and e is the effective

dielectric constant, averaging that of the air and the dielectric slab.

Figure 4.5 (a) shows the layout of slotline-to-microstrip transition with CPW sec-

tions. The RF power is guided from the slotline to CPW using the same method as the
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direct-transition, but here, the radial stub is replaced by a standard quarter-wavelength
CPW stub (Tan et al., 2010d). Two short air-bridges are deposited across the CPW near
the slotline-CPW junction to make sure that the ground planes are equipotential. The
central strip and the ground plane are also fabricated simultaneously in one photo-
lithography step to ensure better symmetrical alignment. As seen from Figure 4.5 (b),
the performance of this transition is much better than the direct-transition, having

more than 160 GHz of bandwidth with less than —20 dB return loss.

We should point out that the section labelled ‘Modified-CPW” in Figure 4.5 (a)
is in fact a modified CPW structure. The central strip and the ground plane are
separated by a thin 475 nm oxide layer. Since the impedance of a CPW is insensitive
to the thickness of the substrate, such a thin layer does not modify the impedance
significantly. The gap is thus defined by the effective distance between the edge of
the central strip on top of the oxide layer, and the edge of the ground plane beneath
the oxide layer. This arrangement is made for two reasons. Firstly, to bring the CPW
central strip over the top of the oxide layer, preparing it to form a microstrip line.
Secondly, it allows a very narrow CPW gap to be employed without the potential
of shorting the central conductor to the ground plane. The narrow gap is needed to
achieve lower impedance without widening the central strip too much. Note that the

central strip of this modified-CPW section was fabricated as part of the wiring layer,
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(a) Slotline to microstrip transition (b) S-parameters at 700 GHz band

Figure 4.5: (a) Layout of the slotline-to-microstrip transition via CPW sections. An
enlarged 3-D view of the modified-CPW cross-over is shown in the inlet for clarity
view. The dimensions for most structures are in width xlength. For CPW, the quoted
dimensions are in s x (2w + s) xlength, in ym. (b) Return loss and coupling efficiency
across the designated RF band.
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instead of the ground layer. Its length was slightly extended and overlapped on top
of the central strip of the preceding CPW section to ensure good electrical contact.
Forming a microstrip line from this modified CPW section is straightforward: change
the width of the central strip to the required microstrip width and merge the two

ground plane sections of the CPW.
4.2.3 Tuning circuit

The successful operation of an SIS mixer requires the parasitic capacitance of the
tunnel junction to be tuned out to prevent shorting of the RF signal. The conventional
method uses an inductive strip terminated by a stub (Jacobs et al., 1992) to eliminate
the capacitance at a particular frequency. This results in narrow band operation,
determined primarily by the wR,,C constant (Kerr, 1995). A broader band performance
can be obtained by utilising the twin-junction method (Belitskii et al., 1992; Grimes,
2006), transforming the complex impedance of one junction to the complex conjugate
of the other using a microstrip transformer. But this method is often limited by the

difficulty to fabricate both junctions identically.

Our tuning circuit comprises four parts: an inductive strip with a half-moon stub,
an inductive strip before the junction, a multi-sections transformer and an RF choke
(Tan et al., 2010d; Tan et al., 2012). The lumped element equivalent circuit is shown in

Figure 4.6 (a).

In order to match the junction impedance across a broader bandwidth, two induct-
ive strips, one in series and another parallel to the junction, are used to provide two
sharp tuning dips on the matching diagram. Both inductors are chosen to be tuned at
two slightly different frequencies on either side of the centre frequency. As we shall
see later, this method broadens the tuning response by about a factor of two compared

to a single tuning stub.

The first inductor (Tuner 1 in Figure 4.6 (a)), is a microstrip terminated with a
~ A¢/4 half-moon stub which acts as a short at RF frequencies. The short microstrip
line transforms the short-circuit stub into the inductance (seen by the junction) that

is required to tune out the junction capacitance, at a particular frequency w;. To
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first order, the width and the length of this microstrip can be calculated using the

2
expression Bl ~ Zyw,C, where p = 1

of the junction, Zj is the characteristic impedance of the microstrip (a function of

is the guided wavenumber, C is the capacitance

the width of the line), and [ is the length of the microstrip in the unit of electrical

wavelength.

The second inductive microstrip (Tuner 2 in Figure 4.6 (a)) is placed before the
junction to tune out the residual capacitance at a slightly shifted frequency w,. The

width and the length of this microstrip section can be determined using the standard
(Yl + 1Yy tan ,Bl)
(YO + in tan ,Bl) !

is the characteristic impedance of the line and Bl is

where Y; is the source admittance,

transmission line equation, Y; =

Y; is the load admittance, A
0

the propagation constant. By setting the imaginary part of Y; to zero, the length of

the microstrip can be obtained in terms of Bl. The value of Y is determined by the
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Figure 4.6: (a) Electrical diagram representing the RF tuning circuit of the finline
mixer. (b) Layout of the RF tuning circuit with an RF choke to prevent RF leakage to
the IF port. The dimensions for various structures are similar to the previous figures.

(c) Return losses and coupling efficiency of the tuning circuit across the designed RF
band.
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(a) Direct finline-to-microstrip transition

(b) Transition via coplanar waveguide

Figure 4.7: Two different types of unilateral finline SIS mixer employing SOI substrates.
The “ground planes” in the figure are the locations where the gold beam leads will be
deposited to carry and earth the chip.

chosen width of the microstrip. Connecting both inductive strips with the junction,
the overall reactance should be tuned to zero at two frequencies, giving the two poles

in the matching diagram.

To match the impedance of this sub-circuit (the SIS junction with two inductive
strips) to the output of the slotline-to-microstrip transition, a 3-step transformer is
employed. The initial dimensions of the transformer can be estimated by using the
standard multi—%-step, or a Chebyshev design. We would like to emphasise that the
final design of this transformer and the two inductive microstrips were eventually
optimised using HFSS, including the effect of the complex surface impedance of the
superconductor material, dielectric thickness, loss tangent, and other factors that

cannot accurately be calculated from standard transmission line theory.

Finally, a 5-section RF choke, consisting of alternating high and low impedance

Ag¢/4 sections of microstrip, is placed after the SIS junction to provide high rejection
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Figure 4.8: HFSS simulation showing that the tuner design exhibiting broad band-
width of 100 GHz centred at 650 GHz.

of the RF signal across the operating bandwidth. This prevents the RF power leaking
into the IF path, which ensures that most of the RF power is coupled to the SIS tunnel
junction. The width of these sections is chosen not too large to introduce high IF
capacitance, but at the same time, not too narrow for fabrication tolerances of modern
photolithography. These RF chokes therefore serve both as a channel to deliver the IF
signal from the junction to the IF circuits, as well as delivering the bias DC current to
the SIS junction. Together with the various transitions reported earlier, this completes
the entire planar circuit structure of the mixer chip, as shown in Figure 4.7, excluding

the finline taper.
4.3 FurLr RF MIXER CHIP SIMULATIONS

We combined all the passive circuit components discussed above and simulated it as
one complete structure in HFSS (as shown in Figure 4.7 2), to take into account the
effect of all interfaces. The dimensions of the various structures were then fine-tuned
to optimise the performance. This is crucial for the direct-mixer design because the
large impedance mismatch between the microstrip and the slotline has to be modelled

as part of the transformer design in the tuning circuit.

Figure 4.8 shows the return loss and coupling efficiency of the complete RF designs

predicted by HFSS. Both direct- and CPW-mixer designs yield about 100 GHz RF

2The unilateral finline is excluded and added in at later stage, after all the dimension of the planar
circuit is finalised. This is to shorten the HFSS simulation time and thus speed up the turn-over time
required for each design iteration.
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Table 4.2: Dimension of the tuning circuits, including the finline-to-microstrip trans-
ition, of direct-mixer design, referring to Figure 4.7 (a). All dimension are in ym,
otherwise stated.

Stub A | Stub B | Stub C | Slotline | Trans A | Trans B | Trans C | Tuner 1 | Tuner 2 | RF Chokes
uartz Width/Radius 30 30 30 3.0 25 8.5 5.0 9.0 4.0 20/3
q Length/Angle 90° 90° 180° 60.0 61.5 73.5 56.0 12.0 43.0 42.0
s01 Width/Radius 30 30 30 3.0 2.5 3.5 55 85 3.0 20/3
Length/Angle 90° 90° 180° 60.0 485 64.0 104.5 115 26.5 42.0

Table 4.3: Dimension of the tuning circuits, including the finline-to-microstrip trans-
ition, of CPW-mixer design, referring to Figure 4.7 (b). All dimension are in um,
otherwise stated.

Stub A | Stub B | Stub C | Slotline | CPW A | CPW B | Trans A | Trans B | Trans C | Tuner 1 | Tuner 2 | RF Chokes
B Width/Radius 3.0 30.0 30.0 3.0 3.0 8.0 2.5 9.0 - 5.0 2.5 30/3
] Length/Angle 735 80° 180° 60.0 55.7 40.0 45.0 71.0 - 8.0 12.5 42.0
" | CPW gap width 3.5 - - - 35 6.0 - - - - -
_. | Width/Radius 2.5 31.0 30.0 3.0 25 8.5 3.0 12.0 23.0 25 2.5 30/3
9 Length/Angle 46.0 80° 180° 65.0 111.4 49.0 154.83 50.0 45.0 7.5 11.0 42.0
CPW gap width 3.5 - - - 35 1.0 - - - - -

bandwidth centred at 650 GHz. The power coupled to the junction is better than
—0.5 dB in all cases. The tuning dips mentioned above can clearly be seen in the return
loss curve which resonates around 620 GHz and 680 GHz. Away from the designated
operating band, the performance of the CPW-mixer deteriorates slower than the
direct-mixer, mainly due to the large mismatch in the direct slotline-to-microstrip
transition at these frequencies. Table 4.2 and Table 4.3 list all the critical dimensions

(Figure 4.7) of the final mixer designs optimised with HFSS simulations.

4.4 IF MATCHING

To design the IF matching circuit, the mixer chip is modelled as an equivalent RLC
circuit, which is a justified approximation at IF frequencies. The output impedance of
this circuit was calculated and matched to the 50 () input impedance of the low-noise
amplifier (LNA) within a given IF bandwidth (i.e., 4-14 GHz). The design procedure
is fairly simple, using standard transformer design method, and can be optimised
using conventional circuit design packages. We used HFSS to provide the flexibility of
including structures such as the bonding wires and bond pads, to make certain that
the effective impedances induced by these structures are included in the design of the
matching transformer. The procedure of designing the IF transformer following the

mixer chip RF simulation may be summarised as follows:
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1. Obtain the IF termination output impedance of the mixer chip from the SuperMix

package, or from the Ansys Designer’s lumped circuit model.

2. Find the RLC equivalent circuit of the RF mixer chip. Use Designer or any other

circuit simulator to design the impedance matching transformer.

3. Improve the design by including the bond wires (or gold beam leads for SOI
devices) and the bonding pads using HFSS.

4. Export the scattering matrix into SuperMix to verify the final full mixer IF

performance including the influence of quantum mixing (see Section 4.5).

Figure 4.9 (a) shows the actual IF transformer board. The final section of the
microstrip is set to 50 () with 0.2 mm width and was flared wider (approximately 30°)
towards the end to provide extra area for soldering contact with the pin of the SMA
(SubMiniature version A) connector. Figure 4.9 (b) shows the simulation results of the
6-step transformer, for both the quartz and SOI mixer designs, where the insertion loss
is flat from 4-14 GHz. This bandwidth was chosen to match the operating bandwidth
of the LNA, and is wide enough for most astronomical requirements. Both the direct-
and CPW-mixers on the same substrate share the same IF transformer design, since
the physical dimensions and the junction sizes (hence the IF impedance) of both

designs are rather similar. The final optimised dimensions of both the IF transformers

]
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(a) Layout of the actual IF transformer board. (b) Insertion and return loss
y

Figure 4.9: IF transformer for matching the output complex impedance of the mixer
chip to a 50 Q2 port. The numbers in diagram (b) correspond to the numbers assigned
to each transformer section tabulated in Table 4.4. HFSS simulations show that the
return loss is better than —25 dB in the 4-14 GHz IF band.
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Table 4.4: Dimensions of the optimised IF transformer on a 7.0 mm x 11.15 mm,
254 yum thick Duroid 6010 printed circuit board. All dimensions are in mm.

Sect. 1 | Sect. 2 | Sect. 3 | Sect. 4 | Sect. 5 | Sect. 6 | Sect. 7

Width | 0.40 1.30 0.60 0.36 0.15 0.36 0.20
Length | 0.60 0.80 3.50 3.80 0.90 0.90 1.50
Width | 040 1.31 0.60 0.36 0.14 0.35 0.20
Length | 0.50 0.70 3.34 3.64 0.79 0.78 1.50

quartz

SOI

are listed in Table 4.4. Note that the actual dimensions between the two designs differ
only slightly. This difference arises mainly from the use of bond wire or beam leads

as the IF connection for quartz and SOI devices, respectively.

4.5 FULL MIXER CHIP SUPERMIX SIMULATIONS

Following the rigorous simulation of the various mixer components with HFSS, the
scattering matrices of these components were exported into SuperMix to assess the
gain, noise temperature and other heterodyne properties of the mixer. In this way,
the ability of SuperMix as a quantum mixing simulation package was enhanced by a
more accurate description of the electromagnetic behaviour from HFSS. The SuperMix

equivalent mixer circuit is shown in Figure 4.10 (a).

Examples of these calculations for the final mixer designs including the IF trans-
former are shown in Figure 4.10. These results were simulated using an unpumped
DC IV curve computed theoretically (Ward et al., 1999). The analysis is used to verify
the details of the design and to serve as a guide in understanding the experimental
results. As expected, the computations predict good RF conversion gain and low
DSB noise temperature across the entire RF band. The design of the IF matching is

validated by noting that the noise temperature remains flat, from 4-14 GHz.

4.6 SUMMARY

In this chapter, we presented the designs of the broadband unilateral finline SIS mixer
near the niobium superconducting gap frequency. Four designs were developed: a
direct-mixer and a CPW-mixer on a 15 ym SOI substrate, and the same chip design

on a 60 ym quartz substrate. Their performance was fully simulated using rigorous
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Figure 4.10: (a) Block diagram showing the various components included in the
SuperMix simulation. (b)—(e) The predicted behaviour of the final mixer chip designs.
All the response curves were generated using the following setting except the x-axis
parameters: bias voltage at 2.7 mV, pumped at 650 GHz with an LO power of 180 nW
and IF frequency set at 5.0 GHz.

electromagnetic methods, exported into SuperMix package, and the heterodyne
performance has been computed. The RF noise temperature was found to be low and
flat over a wide range of frequencies. The RF gain was also flat across a 100 GHz

bandwidth and the IF performance satisfactory from 4-14 GHz.
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SINGLE-ENDED MIXER TESTS

Overview: This chapter describes the mixer fabrication, mixer assembly, experimental
setup and, focuses on the mixer test results and analysis. We will show that both
SOI and quartz mixers, yield good noise temperature performance, but that they
seem to have different contributions to their receiver noise. The performance of the
quartz devices were affected by the larger-than-designed junction size, while the
sensitivity of SOI devices was degraded by the misalignment of the junction with the
planar microstrip definition. These arguments will be supported by comparing the
experimental results with the theoretical models from HFSS and SuperMix. The best
noise temperatures obtained were 143 K at 600 GHz for the quartz device, and 345 K
at 595 GHz for the SOI device.

5.1 INTRODUCTION

The quartz devices and the SOI devices were fabricated separately in two runs, with
both the direct and the CPW designs fabricated on the same substrate wafer. All the
mask definitions were drawn in-house using AutoCAD® by Dr. Paul Grimes and
myself. The mask fabrication for the quartz wafer was done by Mr. Ernst Otto at
the University of Chalmer, while the SOI mask was fabricated by Rose Fotomasken

in Germany. All the wafer fabrication were done at the 1. Physikalisches Institut,

80
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Figure 5.1: Diagrams illustrating the various photolithography steps used in fabrica-
tion of the SIS devices.

University of Cologne, Germany. The quartz devices were fabricated by the Dr. Paul
Grimes, with the support and guidance of the KOSMA group led by Dr. Karl Jacobs,

while the SOI devices were fabricated jointly by Dr. Karl Jacobs and Dr. Paul Grimes.

5.2 DEVICE FABRICATION

The most commonly used fabrication scheme for niobium based SIS devices is the
Self-align Niobium Etch Process (SNEP), and the detailed description of the processing
steps can be found in Grimes (2006) and Piitz (2004). Here, we shall only briefly
summarise the main processing steps that form the planar circuits of our mixer chips,
regardless of the substrate used. These processing steps are illustrated graphically in

Figure 5.1. They comprise 5 stages, using 4 lithography masks:

1. The ground niobium layer which forms the unilateral finline is sputtered across
the wafer, and ionised immediately to form the AlO, barrier. The top niobium
electrode is then deposited to form a Nb-AlO,-Nb trilayer. (Mask No. 1)

2. The SIS junction is defined using Reactive Ion Etching (RIE), by removing the
top niobium electrode across the wafer, except the junction area. (Mask No. 2)

3. Using the same mask in step 2, the first layer of the SiO insulation layer is
deposited.

4. The second layer of SiO is deposited. (Mask No. 3)

5. Finally, the niobium wiring layer is deposited to form a contact with the top
niobium electrode on the SIS junction, and the transmission lines of the mixer
chip. Additional wiring is added, connecting the devices to the contact pads for

on-wafer DC testing. (Mask No. 4)
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Note that the patterning process described in the second step is etched using electron-
beam lithography, while the remaining steps employ standard photolithography.
Electron-beam lithography produces sharper pattern with much better accuracy than
photolithography, which is essential for the precise definition of the junction. We
should point out that two separate insulation layers are required here because a 20 ()
microstrip line (to match the normal resistance of the SIS junction) with minimum
width compatible with photolithography, requires thicker SiO (e, = 5.8) layer due
to its high dielectric constant. Also, the second (top) SiO layer clears a square area
(~ 10 x 10 pm) around the junction to ensure that the wiring layer has a good contact

with the SIS junction.

Since the fabrication of SIS mixers on an SOI substrate is a new technology, we
shall briefly summarise the major steps involved in the processing. For detailed
descriptions, the readers is referred to Westig et al. (2011). The SOI wafer normally
comes with a thick silicon handling wafer and a buried oxide (BOX) layer (hence
silicon-on-insulator), which will be etched away at the end of the processing steps to
release the fabricated mixer chip. For clarity, each steps tabulated below refers to a

sketch in Figure 5.2 labelled with the corresponding step number:

1. The trilayer is formed by DC magnetron sputtering with optical lithography
patterning, while the top layer defining the junction is patterned using electron-
beam lithography.

2. The SiO layers and the Nb wiring layer are deposited as described earlier.

3. The gold beam leads are deposited with a separate mask.

4. At this stage, the entire structure on the device wafer is mounted on a backing
wafer using wax and a front-side resist layer.

5. The whole structure is flipped upside-down to etch away the handle layer with
DRIE (Deep Reactive Ion Etching), together with the silicon-backing.

6. Then a resist layer defining the device partitioning is deposited using another
mask.

7. Using the same mask, the BOX layer is removed and device wafer is remounted

on the backing wafer for transport.
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Figure 5.2: Drawing depicting the important stages involved in the fabrication of SIS
mixers on a 15 ym thick SOI substrate.

8. The 15 um silicon substrate and the stop layer are etched out to define the
devices.
9. Finally, the fabricated devices are released by removing the front-side resist layer

and wax.
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Figure 5.3: Normal resistance of all the quartz and SOI mixer that have a live junction.

Figure 5.3 shows the distribution of the normal resistance (Ry) for all the devices
fabricated on the quartz and the SOI substrates that have a live junction. One
immediately notices from the histogram that the normal resistance of a large number
of quartz devices were concentrated around 18 () instead of the design value of
Ry = 20 Q). In fact, none of the devices turned out to have a normal resistance of 20 ().
This unfortunately indicates that the junctions sizes were fabricated ~10% larger than

expected across the entire wafer, pulling the tuning frequencies below 600 GHz.

In light of this experience, for the subsequent fabrication of the SOI devices, we
intentionally designed 25% of the junctions to have a 10% larger than the nominal
1 ym? and 25% of the junctions were designed at 10% smaller. This strategy aimed at
a larger variation of junction size spread across the wafer to increase the chances of
having devices with the intended junction size. As seen from Figure 5.3 (b), this has
indeed produced a handful of devices with the normal resistance close to the nominal

value.
5.3 MIXER ASSEMBLY

Both the quartz and the SOI mixer blocks were fabricated at the School of Earth and
Space Exploration, Arizona State University, by Dr. Christopher Groppi, using a 6-axis
Computer Numerical Control (CNC) micro-machining machine. The individual block
is split into two halves along the E-plane of the rectangular waveguide, with the device

located in a groove in the bottom-half.
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In Figure 5.4, we show photographs and mechanical drawing of the blocks. Each
block accommodates a straight rectangular waveguide (160 ym wide x 320 ym high),
a trench for the IF transformer board, two sockets for the magnetic shoes to direct the
magnetic field line towards the mixer chip, and a circular-to-rectangular transition to
taper smoothly the feed’s circular waveguide output to the rectangular waveguide in
the block. This transition is realised by milling a 13° semi-flare angle cone into the
inlet of the rectangular waveguide. This simple method of making a transition was
modelled using HFSS and found to give a return loss better than —20 dB within the

operating band.

All the single-ended mixer blocks presented in this chapter were fed by the
multiple-flare angle smooth-walled horn discussed in Chapter 2. These feed horns
were machined separately and bolted to the front of the waveguide via a UG-387/U

(modified) flange.

The magnetic field required to suppress the Josephson current was supplied by
a small superconducting coil, with a ferro-magnetic iron core penetrating through

the upper split block (see Figure 5.4) to the ferro-magnetic shoes positioned besides

Magnetic Coil

Multiple SMA connector

flare-angle
smooth-
walled horn

Magnetic
iron core

(a) Quartz mixer block (b) Mechanical drawing of SOI mixer block

Figure 5.4: Assembly of the 650 GHz mixer block enclosing a unilateral finline mixer,
fed by a multiple flare-angle smooth-walled feed horn. The superconducting coil used
to suppress the Josephson tunnelling can be clearly seen on top of the block. The
butterfly-wing structures are used to hold the magnetic shoes that direct the magnetic
field from the coil, fed by the two iron cores on top of the mixer block. The IF output
will be tapped from the IF board using standard SMA connector at the back of the
mixer block. The IF board is placed in a trench immediately after the rectangular
waveguide.
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the mixer chip. The coil had 2,000 turns of 50 ym diameter copper-clad NbTi super-
conducting wire on a former of 7.0 mm diameter. With this arrangement we were
able to induce a magnetic field sufficient to sweep the tunnel junction through several
Josephson nulls with a current of 0-300 mA. The magnetic field applied is normally
set at the second minima or higher, as the first Josephson null is usually insufficient to
completely suppress the Josephson current. Higher order minima can of course be
applied, but this would suppresses the gap nonlinearity and leads to a reduction in

the mixer conversion gain.

In Figure 5.5, we show examples of quartz and SOI mixer chips mounted in their
respective mixer blocks. The substrate, which carries the superconducting circuit, is
located in the E-plane of the waveguide near the rear end. For the quartz mixer chip,
we used a bond wire to connect the IF signal from the mixer chip bonding pads to the
IF transformer board, which is connected to the bias tee by a standard SMA connector.
This wire bonding step is not required for SOI devices, since they were fabricated with
beam leads that contact the IF board and the body of mixer block directly. The DC
bias voltage is supplied to the SIS junction via the same IF path. The mixer block for
both mixers are largely similar, except for a few specific features, and these differences

are listed in Table 5.1.

(a) Quartz mixer chip (b) SOI mixer chip

Figure 5.5: A photo showing the mixer chip sitting in the groove inside the wave-
guide. Two bond wires were used to connect the mixer chip bonding pads to the IF
transformer board.
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Table 5.1: The major structural differences between the quartz and the SOI mixer’s
block.

Quartz

SOI

Split copper block without gold plating

Split block was gold plated for better
bonding contact with the beam leads

Mixer chip was supported by deep
groove of 65 ym wide and 80 ym deep

Narrow groove of 15 ym wide and
35 um deep to ease the positioning of

to accommodate the mixer substrate
and the serrated choke

device into the waveguide and shallow
trench of 165 ym wide and 4 ym deep
for the gold beam leads

IF transformer board needs small is-
land with via holes for ground bond-

ing
On-chip serrated choke is needed

Ground contact is provided by the dir-
ect bonding of the beam leads to the
body of the block

No serrated choke required

Bonding using aluminium bond wire
with diameter of 25 ym

Contact via gold beam leads with thick-
ness of 2 ym

5.3.1  Device handling

As the mixer chips are tiny (less than 1 mm in length), they can be picked up
conveniently using the whiskers of a paint brush. Despite the different nature of the
quartz and SOI chips, the handling processes are rather similar. Both types of devices
were first picked up from the anti-static box and placed near the waveguide using the
paint brush. We then used two sharpened wooden sticks to carefully push and move

the mixer chip into the waveguide slot and to further align it.

For SOI devices, after the mixer chip was well positioned within the waveguide,
small patches of solid crystal bond fragments were placed on top of the ground beam
leads. The mixer block was then heated to about 60-80 °C, to melt the crystal bond.
In most cases, the liquefied crystal bond flows on top and underneath the beam leads,
holding the mixer chip in position. The mixer block was then left to cool down before
the bonding. At this stage, we usually cleaned off the excessive crystal bond using

acetone.

The bonding of SOI chips was done without any bond wire — instead, the wedge of
the bonding machine was used to force a contact between the beam leads and the gold

plating ultrasonically at about 60 kHz. The bonding strength applied was adjusted
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to ensure that the thin crystal bond layer underneath the beam leads has penetrated
through and a solid electrical contact was created between the beam leads and the
mixer block or the IF transformer. This arrangement greatly reduced the probability
of cracking the mixer chip, since the entire bonding process was completed without

any pressure applied on the substrate itself.

For quartz devices, we used the ordinary cyanoacrylate based superglue instead
of crystal bond. Due to the smaller contact area (within the 50 ym groove instead of
the 120 ym wide beam leads), we found that crystal bond is not strong enough to
hold the thick quartz mixer chip in good contact with the mixer block. To mount the
quartz devices after locating the chip inside the waveguide groove, we first dropped
a small blob of superglue on top of the surface of the split block using a wire with
appropriate diameter (depending on the size of the drop required), along the edge of
the groove. We then carefully slid the liquefied glue over the chip, covering parts of
the serrated chokes on both sides of the chip. This process has to be done quickly to
allow the capillary effect to guide the glue into the gap between the groove and the

mixer chip, as well as underneath the chip.
5.4 MIXER TEST SETUP

Figure 5.6 shows the block diagram describing the experimental setup for performing
the mixer tests, together with the picture of the actual test bench and the inner working
area of the cryostat. The test receiver comprises the following subsystems: 1. a cryostat
housing the mixer block and the cold electronics, 2. a room temperature IF chain,
3. bias circuitry and control electronics!, 4. the optics for feeding the LO and RF

signals, and 5. a data acquisition system.

The mixer assembly, including the first-stage cryogenic IF amplifier, was cooled
to ~4.2 K within an IR-Lab cryogenic Dewar. The mixer block was mounted via a
bracket attached to the cold plate behind the 77 K stage opening, with the feed horn

pointing directly towards the Dewar window. Temperature sensors were mounted on

IDesigned and built by Dr. David T. Smith and Mr. Rik Elliott of Oxford Physics Central Electronics
Group.
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Figure 5.6: Experimental setup measuring mixer performance using Y-factor method.

various stages, e.g. the mixer block, the cold plate and the 77 K stage cold shield. For

operation below 4.2 K, we pumped on the helium vapour to lower the pressure and
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the liquid temperature down to ~ 3.5 K.

The IF output signal and the biasing to the mixer block was connected through an
SMA connector, to a 0-12 GHz bias tee, which in turn connected to an isolator via a
semi-rigid SMA cable. The isolator was used to reduce reflections from the first-stage
amplifier coupling to the mixer. The IF amplifier is a 4-12 GHz low noise amplifier

fabricated in California Institute of Technology. The average noise temperature of the

(c) Working area of the Dewar

amplifier at cryogenic temperature is less than 4 K, and the average gain is ~37 dB.
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The down-converted IF power was detected through the output of a 4-6 GHz warm
(room temperature) IF amplifier chain, consisting of two 26 dB warm broadband 2—
20 GHz amplifiers and a 4-6 GHz bandpass filter. All of these components were
designed and fabricated in-house. The output IF power was calibrated using a power
diode detector, which allows us to display the IF output against the bias voltage
when the mixer was radiated with either a hot (297 K), or cold (77 K) load. The noise
temperature and IF contribution of the receiver were then found using the standard
hot and cold load measurement technique (Woody et al., 1985), described in Chapter 3.
Our cold load was made of an open-topped filled liquid nitrogen bucket lined with
Eccosorb® AN-72 microwave absorber. A 45° plane mirror was mounted on top of
the bucket to direct the horizontal beam into the bucket. Our hot load consist of a few

layers of stacked Eccosorb® at room temperature, placed in front of cold load mirror.

The LO power and the blackbody load radiation were injected into the optical path
by means of a partially reflecting Mylar beam splitter, whose surface is aligned at 45°
with respect to the signal’s direction of propagation. Care should be taken for high
frequency operation such as 700 GHz, since water absorption by the beam splitter can
cause further signal attenuation. The beam splitter therefore should be kept in the dry

atmosphere of a desiccator at all times.

Our LO power was supplied by a x6 frequency-multiplied Gunn oscillator with a
ferrite modulator, which could provide ~100 uW of power over the frequency range
of 630-700 GHz, but much less power was available below 620 GHz. The LO signal
was focused onto the cryostat window by two off-axis parabolic mirrors (off-axis
focal length 80 mm), forming a Gaussian telescope configuration. The optical setup
was designed using single mode Gaussian beam quasioptics (Goldsmith, 1997). The
cryostat window was made of a 660 ym thick high density polythene (HDPE) sheet
and several layers of Zitek PTFE G-110 infrared filter were mounted on the 77 K stage

to reduce the heat loading of the cold plate.
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5.5 RESULTS AND ANALYSIS

We have successfully tested 4 quartz devices, and 5 SOI devices. We will first present
the test results of the quartz mixers, and then focus on the measured performance of
SOI devices. We shall highlight the observations and interesting results obtained from

particular devices, while the rest of the measured data can be found in Appendix A.
5.5.1  Quartz devices

Table 5.2 summarises the measurement results for each of the tested quartz devices.

The quoted DSB noise temperature and the conversion gain were only corrected

for the beam splitter losses, hence includes all other losses e.g., optical components,

transmission line, and mixer conversion loss. The symbols used in tables and the

discussion below are defined as follows:

Device The unique device identity number.

fro The LO frequency.

Rn The normal state resistance of the device measured during DC testing after
fabrication.

dps The thickness of beam splitter.

Tn The recorded receiver DSB noise temperature. The subscript (c¢) is used to denote
the noise temperature corrected for the beam splitter losses.

Gr The measured conversion gain of the mixer. The subscript (c) is used to denote
the gain corrected for the beam splitter losses.

imag(Z,,.) The recovered embedding reactance from SuperMix.

T The physical temperature of the mixer block.

friske The resonance frequency estimated by observation of the Fiske step on the DC

IV curve of the mixer.

In general, the mixer design assumed junctions with current density of ~14 kA /cm?
and an area of 1 yum?. However, embedding impedance recovery (Skalare, 1989;
Withington et al., 1995) calculations have shown that the tuning was in general shifted

below 600 GHz. Considering that the normal resistance of the junctions has often



5.5 RESULTS AND ANALYSIS 92

100

[
S
AN
S

iR
o
Response (dB)
LS
—_

40 |- '/;/, . v‘l,‘ \\ N :"”, //l \ \\ \\\ S
-~ e S N 18
\ _;y/\é- Ll

Nominal - 21
10% larger -
20% Iargev : 20
o R
550 570 590 610 630 650 670 690 710 730 750
Frequency (GHz)

Noise Temperature (K)
Mixer Conversion Gain (dB)

)
S]

»

3
N
3]

Designed 1 pm?
10% larger -------
15% larger ————
| .

710 730 750

-2

4 A
550 570 590 610 630 650 670 690
Frequency (GHz)

(a) SuperMix prediction (b) HFSS simulation

Figure 5.7: SuperMix and HFSS simulating the effect of a direct quartz mixer design
with larger than designated junction size.

came below the design value of 20 (), the low tuning frequency could be explained by
a larger than designed tunnel junction area. This conclusion was supported by HFSS
simulations which showed that an increase in the junction capacitance narrows down
the operating bandwidth and shifts the frequency tuning range downwards. The
SuperMix model constructed with a larger junction area showed similar behaviour to
the HFSS model (see Figure 5.7). Unfortunately, our LO did not produce much power

below 620 GHz, hence thick beam splitter needed to be used to pump the mixer.

The following section focus on the tested performance of the F74 C-D7N6 quartz
device, as this particular device had been tested most extensively and has showed
the best measured performance. The Y-factor of the mixer was measured over the fre-
quency range where the LO power was sufficient to pump the device to an acceptable
level. In Figure 5.8, we show the measured DSB gain and receiver noise temperature
as a function of frequency between 595-702 GHz (see Table A.3 in the Appendix A for

the tabulation of the corresponding measured quantities).

Table 5.2: Overview of the mixer test results for various quartz devices. For each
device, only the best results are shown. The reader is referred to Appendix A for the
full tabulation of the test results.

Device fro (GHz) | Ry (QY) | dps (um) Tne) (K) | Gr(e) (dB) | imag(Zyec)
F74 A-D7N2 2 - - - - - -
F74 A-D7N1 660 17.9 57 765 -10.8 -10.8
F74 A-D4AN1 660 17.9 50 327 -8.4 -10.3
F74 C-D7N6 600 18.2 75 143 -4.9 0.1

a2 No data available.
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Figure 5.8: (a) Frequency response of the tested F74 C-D7N6 quartz mixer. The two
tuning dips are clearly observed around 600 GHz and 650 GHz. The red curves
indicate measurement done at bias voltage close to the actual first photon step. (b)

Embedding impedance and DSB gain recovered using SuperMix across the operating
RF bandwidth.

The best noise temperature measured for this device is at 600 GHz, significantly
lower than the designed tuning central band (650 GHz), for reasons we have explained
earlier. Nevertheless, the tuning double dips can clearly be seen in the plot and
appear to be located around 600 GHz and 650 GHz. The noise temperature below
the superconducting gap was measured below 400 K. This is well above what can be
achieved by modern mixers at these frequencies but is consistent with the behaviour
of an untuned mixer. This argument is supported by the result at 600 GHz where
the noise temperature dropped to ~145 K if corrected against the beam splitter
thickness, and yet included all the other noise contributions. Below 600 GHz, the
mixer performance deteriorated rapidly due to the lack of LO power to pump the
mixer. The poor performance above 670 GHz is expected as the superconducting
losses increase sharply at these frequencies near the niobium superconducting gap,

and is almost moving out from tuning band.

We have investigated the behaviour of the imaginary part of the recovered junction
embedding impedance as a function of frequency (Figure 5.8 (b)). The effect of the
tuning circuit designed to resonate at two particular frequencies can clearly be seen.
As we move across the band towards high frequencies, the reactance changes from
being inductive to capacitive, and stays slightly capacitive throughout the band. The

reactance curve crosses the zero point near ~600 GHz. This value is compatible with
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Figure 5.9: IV characteristic of the tested mixer pumped with a 600 GHz RF signal and
the measured hot and cold loaded IF responses. The mixer was pumped at a; = 0.407.

the measurements in Figure 5.8 (a) and coincides with the frequency where the best
noise temperature was measured. The second dip in the tuning circuit near 650 GHz
can also be seen in the plot, where the imaginary part of the impedance moves again
towards zero, corresponding again to the region where the noise temperatures has

clearly improved.

In Figure 5.9, we have plotted in the left frame, the pumped and unpumped IV
curve as a function of the biased voltage at 600 GHz. In the right frame, we show
the hot and cold IF responses used to calculate the receiver noise temperature. The
Shapiro steps can clearly be seen on top of the photon step, indicating an incomplete
suppression of the Josephson pairs current. The Josephson features can be further
suppressed by increasing the magnetic field across the junction, but would resulting
in a slight suppression of the superconducting gap. Notice that in the right frame, the
existence of a dip in the pumped IV curve at a bias voltage of 2.3 mV which reflects
the wrapping of the second photon step from the negative to the positive side of the
display, as discussed in Section 3.2.1 in Chapter 3. In other words, the first photon
step region is reduced to the range of bias voltages between the location of the dip
and the superconducting gap (Salez et al., 1994). Therefore, the best noise temperature
values are obtained at bias voltage values in this first photon step region, which can
clearly be seen (indicated by the red points) from Figure 5.8 (a) and the IF conversion

plots in Figure 5.9 (b).
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Figure 5.10: Measured gain curve and noise temperature at 600 GHz in comparison
with SuperMix model computed from the recovered impedance for F71 C-D7Né.

To further analyse the experimental results, we used the SuperMix model con-
figured to determine the embedding impedance (as described in Chapter 3) to simulate
the performance of the mixer using the pumped IV curve measured at 600 GHz, where
the best noise temperature was located. Figure 5.10 compares the measured gain
and noise temperature curves at 600 GHz with the theoretically computed values
by the SuperMix model. Since the SuperMix model did not include losses apart
from those due to mismatches, we calibrated the height of the computed curves by
a multiplication factor (without changing the features). The shape of the measured
and the computed curves then matched very well, including subtle features, as can
be seen in Figure 5.10. The Shapiro features do not appear in the theoretical curve

since SuperMix assumes full suppression of Josephson pair tunnelling. The instability
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Figure 5.11: RF and IF noise contribution estimated from the unpumped IV and IF
curve.
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Table 5.3: Noise temperature (uncorrected) breakdown by estimating the optical, IF
and mixer conversion loss at 600 GHz.

Component | Optics | Mixer | Isolator | LNA | Warm IF chain || Total
Noise (K) 133.0 | 415 13.2 22.3 0.3 210.3

shoulders near 0.5 and 2.0 mV in the measured curve are well predicted, so is the dip

resulting from the wrapping of the second negative photon step to the positive side.

Finally, we used the technique described in Chapter 3 to estimate the RF and IF
noise contributions, and recover the actual noise generated by the junction itself. For
this particular device, we see that the intersecting lines method estimates the noise
seen before the junction at around 130 K (uncorrected, Figure 5.11), and the IF noise
contribution after the junction to be low (~5 K). With this figures and the measured
conversion gain, we arrived at the actual mixer noise of ~40 K at 600 GHz (Table 5.3),

which is very close to quantum limited performance.

5.5.2  SOI devices

We have tested 5 SOI devices and a summary of the measurements is shown in
Table 5.4. In general, the noise temperature measured was around 350-400 K for most
devices. However, these measured performances appeared to show no correlation
with the Ry value, as was the case of quartz devices. For example, the results given in
Figure 5.12 show that FSOI A-C2N8 which had an Ry that is very close to the nominal
20 Q) value, had its measured noise temperature higher than 1,000 K throughout the
operating bandwidth. On the other hand, FSOI A-C2N7 which had an Ry well below
20 () gave a reasonably good noise temperature around 400 K. This device also showed
the typical behaviour of an untuned mixer (similar to F74 C-D7N6 above), where

larger than designated junction size shifted the tuning towards lower frequencies.

The comparison between these two devices is interesting, as they both employ
the same CPW-transition design. For one, we were able to pump FSOI A-C2N7 to
saturation easily and measure reasonable noise temperature performance, as good
as the other direct-mixer devices, which demonstrates that the CPW-transition can

indeed perform as well as the direct slotline-to-microstrip transition design.
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Second, FSOI A-C2N8 was noticeably harder to pump at all frequencies, compared
to FSOI A-C2N7 despite the fact that they have exactly the same design. The first
photon step current measured was less than half of that of the latter, even though the
same optical setup was used in these tests. This suggests that the power coupling

deficiency in FSOI A-C2N8 must be mainly related to the tunnel junction itself.

We believe that the higher than expected noise temperature was caused by the
sensitivity of the mixer being degraded by the misalignment of the SIS tunnel junction
with the wiring layer’s definition. This resulted in an effective optical loss, caused
by the reduction in RF and LO power coupling to the junction. In Figure 5.13 it is
shown that some junctions were shifted up to 1.2 ym away from the design position,
in arbitrary directions. Given that the microstrip width around this area is narrow

(2.5-4.0 um), the effect of this offset can degrade the mixer performance significantly.

To understand how the junction offset affects the coupling to the junction, we have
modelled the fabricated chip using HFSS simulations. Figure 5.14 shows that the
magnitude of the RF power coupling is indeed affected by the offset, especially when
the junction was simulated to be partially outside the microstrip area. In that case, the
coupling level could be attenuated by as much as 7-8 dB, seriously reducing the LO
and RF pumping level of the mixer chip. This result can explain why FSOI A-C2N8
was significantly harder to pump and had poor measured sensitivity, despite it having

a normal resistance that was close to the design 20 () value.

During the experimental characterisation, we have also observed that the SOI
devices were particularly susceptible to magnetic field effect and trapped fluxes. The

Josephson features were especially harder to suppress compared to the quartz devices.

Table 5.4: Overview of the mixer test results for various SOI mixers. For each device,
only the best result measured at that particular RF frequency is shown. Readers are to
refer to Appendix A for the full tabulation of the test results.

Device Fro (GHz) | Ry (Q) | dps (pm) | T(e) K) | Gree) (dB) | imag(Zre)
FSOI A-D2N8 670 19.2 50 363 -11.4 -0.14
FSOI A-C2N7 595 16.7 75 343 -10.9 NA
FSOI A-C2N8 660 20.5 75 1272 -13.6 -0.08
FSOI F-D2N2 634 224 36 382 -9.9 -0.12
FSOI A-D2N1 605 20.7 75 399 -8.9 -0.28
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Figure 5.12: Frequency response of all SOI devices tested so far, in terms of measured
conversion gain and noise temperature.The grey points are the uncorrected measure-
ments. The red and pink points are those measured on the real first photon step i.e.,
between the dip shown in Figure 5.9 and the gap voltage.

In certain cases, the magnetic field had to be applied at the third Josephson null
to reduce the Shapiro steps substantially, and consequently rounding out the sharp
nonlinearity of the gap. This effect was especially notable for FSOI A-C2N8, where

the gap was rounded even at the first magnetic null.
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Figure 5.13: Microscope photos showing the junction was not aligned to the microstrip
as designed.
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Figure 5.14: HFSS simulating the effects of junction misalignment to the power
coupling. The value in the legend corresponding to the magnitude of offset along
(horizontal) and orthogonal (vertical) to the finline axis. The couplings to the junction
are plotted with red lines, while the black lines representing the return loss.

As with the quartz devices, we have estimated the noise contribution of various
components within the tested SOI mixer chip. We selected FSOI A-D2N1 for this
exercise, but we expect similar behaviour for the other tested SOI mixers. As can
be seen from Figure 5.15 and Table 5.5, the RF noise was estimated to be above
400 K, while the noise contribution from the LNA around 5 K, as expected. This
estimation appears to agree well with the argument we presented earlier, indicating
that the majority of the loss for SOI devices were mainly coming from the poor optical

coupling caused by the junction shifting problem.

In short, the measured performance for this batch of SOI devices were compromised
due to the junction offset inducing unexpectedly high optical loss to the mixer.

Moreover, the Shapiro step that was hard to suppressed and this have made the
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Table 5.5: Noise temperature breakdown by estimating the optical, IF and mixer
conversion loss at 600 GHz, using data from FSOI A-D2N1.

Component | Optics | Mixer | Isolator | LNA | Warm IF chain || Total
Noise (K) 406.0 67.9 37.3 63.0 0.9 575.1
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Figure 5.15: RF and IF noise contribution estimated from the unpumped IV and IF
curve of FSOI A-D2NT1.

first photon step region that was not wrapped, unavailable for noise temperature

measurement.

5.6 SUMMARY

We have presented the measured performance of both the quartz based and SOI
based unilateral finline SIS mixer, fed by the multiple flare-angle feed horn. In
general, most of the tested devices could be pumped easily and showed promising
noise performance. This demonstrates the integrity of the mixer designs presented
in Chapter 4. The measured performance for the quartz devices agreed well with
the software predictions but the performance was degraded at the high frequency
end by a significantly larger than designed tunnel junction. The best receiver noise
temperature of 143 K was measured at 600 GHz. The measured noise temperature
for the SOI devices was higher than 350 K, but we believe that this was caused by the
junction shift with respect to the wiring layer, causing severe loss of optical coupling
to the junction. An important conclusion from this chapter is that the finline mixer
design can indeed be extended to work at THz frequencies, in conjunction with the

very thin substrates produced using the SOI technology.
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SINGLE-CHIP? INTEGRATED BALANCED SIS MIXER

Overview: This chapter describes the design, mixer assembly, experimental setup,
and experimentally measured results of the integrated balanced SIS mixers operating
near 700 GHz. The new design retains the same fabrication requirements as the
single-ended SOI mixers, with all the circuit components integrated onto a single chip
using planar circuit technology. This results in a significantly simpler balanced mixer

block design than the conventional balanced mixers.

Preliminary testing of the balanced devices resulted in a best noise temperature of
714 K measured at 635 GHz, and remained at a similar level throughout the operating
frequency band. As this initial batch of balanced mixers was fabricated on the same
wafer as the single-ended SOI mixers, they also suffered from the same junction
shifting problem. This and various other losses, including RF beam truncations and
difference in junction size, gave rise to a higher than expected noise temperature.
Nevertheless, independent testing of the on-chip RF quadrature hybrid, and the
DC/IF blocks showed that they have performed well. Before concluding the chapter,
we present the analyses and simulations using HFSS and SuperMix, to assess these

measurements.

101



6.1 INTRODUCTION 102

6.1 INTRODUCTION

The major advantage of a balanced mixer over single-ended mixer is its ability to
reject LO sideband noise and to harness all the available LO power, by eliminating
the use of a beam splitter. In principle, one can form a balanced mixer by simply
connecting two reverse-biased SIS mixers to the output ports of a 180° or 90° RF
hybrid, and then combining the down-converted IF outputs of both mixers. Here,
we chose to use a quadrature RF hybrid for its compactness, in conjunction with a
180° IF hybrid. As shown in Figure 6.1, our balanced mixer comprises 6 major RF
components: unilateral finline tapers with matching notches, finline-to-microstrip
transitions, an RF quadrature hybrid, DC/IF blocks, superconducting tuning circuits
with SIS junctions, and RF chokes terminated with an IF bonding pad (Tan et al.,
2012a,b).

The simplest way to understanding the working principle of a balanced mixer is
by considering the phases of the LO and the RF signals, with an additional LO noise
component LO,) in-phase with the LO power (Kerr, 1998; Kooi et al., 2012). For
simplicity, we have assumed that all these incoming GHz signals have the same phase
at 0°. The RF signal from the sky and the LO power, coupled separately through two
sets of finlines and microstrip transitions, enter the RF quadrature hybrid, to produce
two merged GHz signals that have a 90° phase difference between the RF and the
LO signals. These are written as REZ0° + (LO + LO(y)) £90° at the upper branch and
RFZ90° + (LO + LO¢y) ) £0° at the lower branch of Figure 6.1.

- Microstrip
) e > JooP

e L0 RFL0°+[L0+10,) £290° Ty e IFL00°
—> DC/IFBlock = Transformer —>\,3~>{ RF Choke Output (3) ‘lF
Quadrature
Hybrid 180° Hybrld
—> DC/IFBlock = Transformer ->§A)->{ RF Choke | LOnoise (3) ‘Lo(n)
[LO+LO,,)] £0°¢ RFZ£90°+[LO+L0y,) Z0°¢ " " E 2900 )

y ) = SIS mixer

. Microstrip
) e > oo

Figure 6.1: Block diagram showing the components needed for a balanced mixer
design. The phasors for the LO components are shown in black arrows, while the RF
phasors are in blue. The 0° phase is referenced to the upward pointing direction and
clockwise for positive phase shift.



6.2 DESIGN OF THE RF PASSIVE CIRCUIT COMPONENTS 103

Before feeding these GHz signals into two individual SIS junctions, two DC/IF
blocks are placed between the RF hybrid and the tuning circuits leading to the
junctions, to prevent signal leakage and interaction between the SIS junctions. From
each mixers, we now have IF outputs that are +90° phase-shifted between the signals
of two branches. It can be seen immediately that the LO (and the LO noise components)
are now 180° out of phase with the RF signals at the output of both mixers. Hence,
when these two down-converted IF signals are combined at the 180° IF hybrid, we
obtain the IF signal at the sum (X) port without LO noise, and all the LO noise

components appear at the difference (A) port.

The configuration shown in Figure 6.1 assumes that both SIS mixers are biased
with the same polarity. If they are biased with opposing polarity, one simply has to
flip the polarity of the IF output of one of the mixers, since the IV characteristic of
an SIS junction is anti-symmetric. In this case, the sum port would be the LO noise

output, while the difference port is the desired IF signal.

6.2 DESIGN OF THE RF PASSIVE CIRCUIT COMPONENTS

Conventionally, the main components of balanced SIS mixers were constructed with
waveguide-machining technology, which is challenging in the THz region. In particu-
lar, they often required the careful selection of two identical single-ended SIS mixer
chips, where the mixer blocks and other RF waveguide components (e.g., RF hybrid)
are mechanically attached together (Serizawa et al., 2008; Kooi et al., 2010; Justen
et al., 2008; Shitov et al., 2006; Claude et al., 2000). Aligning these component blocks
accurately at high frequencies is not a simple task. Furthermore, this method results
in a bulky and complicated waveguide component block assembly and a crowded
receiver. In recent years, there has been a lot of enthusiasm to simplify these designs
to enable deployment of more advanced SIS mixers into compact detector arrays

(Grimes et al., 2005; Kerr & Pan, 1996; Kerr et al., 2000; Westig et al., 2011).

In our designs, we chose to use only planar circuit technology to ensure that the
mixer block is kept as simple as possible. All the RF circuit components required

are integrated on a 15 ym SOI substrate. We aimed to retain the same fabrication
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(a) Fabricated balanced mixer chip

D SHHES g

(b) AutoCAD layout

Figure 6.2: (a) Photo showing the complete balanced SIS mixer chip before the final
SOI etching to define the chip size and the matching notches. (b) AutoCad drawing
drafted without the dielectric layers and beam leads for clarity.

processing steps as those employed for the single-ended mixer chip described in
Chapter 5, without the use of any lumped element components. The simple configur-
ation consisted of only an SOI substrate, a niobium ground layer (250 nm), a silicon
monoxide dielectric layer (475 nm) and a niobium wiring layer (400 nm). The smallest
dimension of any planar circuit structure on chip is 2.5 ym, complying with the limits

of standard photolithography.

An important advantage of integrated planar circuits over waveguide technology is
that it only requires one magnetic coil since all the SIS junctions are in close proximity
to one another. The entire mixer block required for the mixer is greatly simplified and
reduced in size. Only a straight rectangular waveguide connected with two feed horns
and a pocket for the IF board are needed in the final mixer block module, closely
resembling the single-ended mixer block presented in Chapter 5. In addition, planar
circuit technology allows us to scale a successful design to other frequency ranges in

a straightforward manner (see Appendix D).

With SOI technology, one can easily shape the mixer chip into any required planar
form using a direct etching technique. This gives greater freedom in designing the

mixer block, and simplifies the positioning procedure when mounting the device
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in the block (Belitsky et al., 2011). In our design, two unilateral finline tapers are
deposited back-to-back, as shown in Figure 6.2, while the remaining superconducting
circuits are fabricated on the central part of the chip, connecting the two finline tapers.
This simple layout allows us to use only a straight rectangular waveguide in the mixer
block. The signal from the sky is coupled to the chip from one side of the block via a
feed horn, while the LO power is coupled from the other end via a similar feed horn.
The important advantage of this configuration is that it eliminates the need for beam
splitters that normally waste 90% or more of the available LO power. This reduces
the stringent power requirement on the LO source, and opens up the opportunity of
using a photonic mixing LO source (Huggard et al., 2002a, 2004, 2006) instead of the
commonly used solid state sources. All of these advantages are not only confined to
balanced mixers, but are equally important for more complicated mixer designs, such
as the sideband separating and balanced with sideband separating mixer designs (see

Chapter 7).

Our balanced SIS mixers presented in this chapter are designed to work in con-
junction with a circular Nb/AlO,/Nb SIS tunnel junction that has an area of 1 ],tmz.
This corresponds to a normal resistance of approximately 20 () (with a current density
of approximately 14 kA/cm?) and junction capacitance of 75 fF. All the individual
on-chip RF circuit components are made to match with a system-wide characteristic
impedance of 20 () (a 3 ym wide microstrip line) at the input and output ports, to
ease the integration of the various planar components into the complete circuit. The

designated operating frequency band is from 600-700 GHz.

In the following sections, we will describe in detail the design of each circuit
component and present full 3-D electromagnetic simulation results from HFSS. We
have predominantly used microstrip as the main transmission line, and for all the
mixers reported here, we did not include an IF matching circuit. The final optimised
dimensions of various structures are tabulated alongside the corresponding figures
using the same notation as laid out in Chapter 4. The finline-to-microstrip transition
employed here is the same as the single-ended mixer design, but here we only used

the transition design that employs CPW sections (i.e., the CPW-design in Chapter 4)
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The output microstrip width is modified to 3 ym to ease the integration with other
circuit components. The tuning circuit used is also similar to the one employed in
the single-ended mixer, except that the transformer is now matched to a 20 () input

microstrip port.

6.2.1 RF quadrature hybrid

For planar circuit on-chip integration, we used a microstrip branch line hybrid with a
90° phase difference between the two output arms as shown in Figure 6.3. To increase
the bandwidth, we used two cascaded hybrids at the expense of slight amplitude
imbalance between the through and the coupled arms. This however does not effect
the performance of the mixer significantly, since balanced (and sideband separating)
designs often have a high degree of tolerance for both amplitude and phase imbalances

(Claude et al., 2000).

The highest impedance branch lines (and therefore the narrowest sections) in the
hybrid were chosen to be 27, ~ 20Q), where Z; is the characteristic impedance of the
four input/output arms of the hybrid. This corresponds to a microstrip width of about
3 um, well within the limit of standard photolithographic fabrication. A transformer
is then used to transform the 10 Q) input/output microstrip back to 20 () line. The
distance between each T-junction is close to A;/4 in length. All the dimensions were

optimised in the final design using HFSS for the widest bandwidth.
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Figure 6.3: (a) Layout of the 90° RF quadrature hybrid, with the dimension optimised
by HESS. (b) The S-parameters and the phase difference between the coupled and
through arm of the hybrid across the designed RF band.



6.2 DESIGN OF THE RF PASSIVE CIRCUIT COMPONENTS 107

As shown in Figure 6.3 (b), the return loss and the coupling between the two input
ports are less than —20 dB across the operating frequency band. The coupling to
the coupled and the through arms is close to -3 dB, with only a small variation of
£0.5 dB. The mild roll off from low to high frequency is due to the superconducting
surface impedance variation from low to high values as a function of frequency. The
phase difference between these two output arms is constant at 90° &= 0.5° across the

entire band.

6.2.2 DC/IF block

The DC/IF block is used to DC isolate the two SIS tunnel junctions and to prevent
IF power leakage between the two mixers. Normally, a series capacitor is employed
for this purpose; either by means of a lumped element metal-insulator-metal (MIM)
capacitor or a planar interdigit capacitor. The former have the disadvantage of
increasing the complexity of the fabrication process, whilst the later has a large size
and the gap between the interdigit arms are often too small to be fabricated at THz

frequencies.

Our design employs a broadside coupler as DC/IF block. The RF power is coupled
from the microstrip to the underlying CPW, both separated by an oxide layer, and
back to the microstrip, as shown in Figure 6.4 (a). The overlapping region between

the microstrip with the central strip of the CPW determines the parallel capacitance
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(a) DC/IF block (b) S-parameters at 700 GHz

Figure 6.4: (a) Layout of the broadside coupler as DC/IF block. Panel (b) shows the
equivalent circuit, and the transmission and the return loss simulated using HFSS.
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between the input and the output ports, while the gap between the microstrips, and
the gap between CPW stages gives the series capacitance (see the circuit diagram in
the inlet of Figure 6.4 (b)). To first order, the required capacitance of the structure
can be estimated from the overlapping areas and gap distances. This initial value is
then optimised within the HFSS model to include the effects of the inductance of the
transmission lines. Since both transmission lines are not in contact with each other,
they are therefore always DC isolated, and only the RF power within the resonant
frequency band is allowed to pass through with minimum return loss. In circuit terms,
it acts like a bandpass filter at RF frequencies, as shown in Figure 6.4 (b). Again, we

cascaded two broadside couplers to widen the operating RF bandwidth.

6.2.3 IF Hybrid

The 180° IF hybrid used later in the balanced mixers performance test was reported
previously (Grimes, 2006), hence only the layout and the simulated performance
results from the Ansoft Designer are reproduced here for completeness, as shown in

Figure 6.5.
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Figure 6.5: (a) Image (courtesy of P. Grimes) shows the layout of the 180° IF hybrid,
where Port 2 & 3 are the input port, while port 1 is the sum and port 4 is the difference
port. (b) The S-parameters and the phase difference between the sum and difference
port of the hybrid across the designed IF band.
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6.3 BALANCED MIXER SIMULATIONS

In order to optimise the RF performance of the complete full mixer chip, we would
normally combine all the RF circuit components and simulate the chip in HFSS.
However, for a balanced design (and for all the advanced mixer designs presented
later in Chapter 7) the entire mixer chip is electrically too large for HFSS simulations.
Consequently, we approached this problem with two alternative techniques. In the
first method, we only combined a subsection of the RF chip that includes the RF
quadrature hybrid, the DC/IF blocks and the tuner circuits, without the finline taper
and the microstrip transition, since we know that their performance is good within
the operating band. Secondly, we exported the S-parameters of each RF circuit
component simulated by HFSS into Ansoft Designer to form a complete RF mixer chip
model. Both methods allow us to predict the RF performance of the mixer, but do
not provide the means for full optimisation. Nevertheless, as shall be seen later, even
by simply cascading the required components to form the complete mixer chip, the
final performance is good enough within the operating waveband, with insignificant

effects from the interfaces.

Figures 6.6 and 6.7 show the outcomes of the simulations from HFSS and Ansoft
Designer, respectively. One notices immediately that the results obtained by both
packages agree well with each other. The power coupling to the two SIS junctions

is almost identical, averaging at —441 dB from 600-700 GHz. The mild roll off
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Figure 6.6: HFSS simulation of a subsection of the mixer chip including the RF
quadrature hybrid, the DC/IF blocks and the tuner circuits.
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Figure 6.8: Block diagram shows the various components included in the SuperMix
simulation.

from the low to high frequencies is caused mainly by the RF quadrature hybrid (see
Section 6.2.1). The phase difference between the two IF outputs from the SIS mixers
is also kept to within 90 & 2° from 580-720 GHz, while the return loss and isolation

between the two input ports remains below -10 dB for about 120 GHz.

For estimating the heterodyne mixing performance of the final balanced mixer, we
followed the method described in Chapter 4, forming a full-chip SuperMix model via
the HFSS generated S-parameters of individual circuit components!. In Figure 6.9, we
show an example of these calculations. As expected, the performance is good from 600—
700 GHz. The best performance appears to have shifted upward by ~10 GHz, which is

not surprising, since all the circuit components were simply cascaded together without

IThe 180° IF hybrid was generated through Ansoft Designer. This can be done using HFSS too, but
since the IF hybrid does not operate in a superconducting state and the fringing effects are negligible, it
is easier to use the simpler 2-D planar circuit software.
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Figure 6.9: SuperMix simulations showing the predicted behaviour of the final design
of the balanced mixer chip.

further optimisation. Note that no IF transformer is included in these SuperMix
calculations (the same applies to the other advanced mixer designs in the next chapter),
since we did not use an any IF transformer to match the IF impedance. The IF
operating bandwidth is defined by the bandwidth of the IF hybrid (4-6 GHz), where

the IF response is flat, as shown in Figure 6.9 (b).
6.4 DEVICE FABRICATION

The performance of a well-designed balanced mixer relies critically on the quality of
the two SIS junctions. Ideally, both junctions need to be fabricated not only close to
the designated size with the correct normal resistance and capacitance for the tuning
circuit to work, but what is especially important for balanced mixer operation is that

both junctions have to be fabricated as identical as possible.

Since our balanced mixer design has the same fabrication requirements as the
single-ended SOI devices, we fabricated these double-ended mixers on the same 15 ym
SOI wafer. Fabrication of the mixer chip follows the same procedure used for the
standard finline mixer described in Chapter 5. Figure 6.10 shows the layout of both
mixers on the same wafer, where the balanced mixers were populated at the centre

column, while the single-ended devices on either side of the wafer.

There were 24 balanced mixers in total, but only 15 of them had both junctions
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Figure 6.10: Photograph showing the
layout of balanced and single-ended
devices on the same SOI wafer, after
the front side processing.

fabricated. As shown in Figure 6.11, out of these 15 devices only 5 devices had both
junctions fabricated to within 7% of the 20 (2 normal resistance, and 4 devices had less
than 7% difference between the normal resistances of the two junctions. Consequently,

we were left with only 3 devices that satisfied the requirements stated above.

Since these balanced mixers were fabricated on the same wafer as the single-ended
SOI devices, all of these balanced devices suffered from the same junction shifting
problem (see Chapter 5), which is particularly detrimental for balanced mixers. Recall
from the earlier sections that the two tuning circuits of our back-to-back balanced
design were positioned as a mirror image of each other with respect to the hybrid.
This implies that if one junction is shifted towards the radial stub (i.e., tuned to higher
frequency), the other is shifted away from its radial stub. Hence, at any operating
point, neither junction would be able to operate with similar performance to the other

junction, producing an intrinsically imbalanced configuration. Figure 6.12 shows
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junctions fabricated.
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(a) Junction a shifted away from the half-moon (b) Junction b shifted towards the half-moon
stub stub

Figure 6.12: Photograph showing both junction of the same device shifted rightwards.

an example of the junctions shift in one of the balanced mixers to demonstrate the

magnitude of shifting.

6.5 EXPERIMENTAL SETUP

Before proceeding to describe in detail the experimental setup, we would like to
emphasis that the entire system setup, including the cryogenic Dewars, the LO
source, the mixer block and the ancillary electronics, was built previously by the
Detector Physics Group from University of Cambridge to test a different batch of
balanced mixers. The apparatus was originally constructed to test a 60 ym thick
quartz antipodal finline balanced mixer at 700 GHz, designed and fabricated by Dr.
Paul Grimes (Grimes, 2006). Using this existing system enabled us to assess the
performance of the new balanced mixers immediately, but at the expense of not
having all components optimised to work with the new design, especially the mixer

block which had a deep groove in the waveguide wall designed for the quartz mixers.

Figure 6.13 shows the experimental setup comprising the mixer block, bias tees, IF
hybrid, isolator and cryogenic amplifier, all housed within the cryogenic Dewar. The
cryostat itself was a square Dewar with two windows, and a circular cold plate. The

mixer block was mounted on an elongated bracket which was in turn bolted down
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to the Dewar cold plate, along with the IF components and biasing circuits. Two
bias supplies, temperature sensors readout electronics and the power supply to the
IF amplifier and magnetic coil were all connected through the Dewar using several
multiple pin connectors. The IF components, including the isolator, the 4-12 GHz
cryogenic amplifier, and the warm IF system, are similar to the ones used in the

single-ended mixer tests described in Chapter 5.

\\\\\\(

(b) Working area of the Dewar

Figure 6.13: Experimental setup for testing the balanced mixer performance.
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The LO and RF signals enter the cryostat separately through two HDPE windows
(460 pym thick) mounted on the outer wall of the cryostat, as shown in Figure 6.14.
Three layers of Zitex®were installed on the 77 K stage inner shield as infrared filters.
The LO (or RF) beam is injected to the mixer block via two flat mirrors and a Pickett-
Potter horn reflector antenna, while the RF signal (or LO) is coupled straight into the
other end of the mixer block via an identical horn reflector antenna. However, due
to the relatively large distance between the mixer block and the Dewar window at
the LO optics path, the beam was truncated due to the small diameter of the cryostat
window. Hence, a dielectric terahertz lens was installed to minimise this truncation
and to improve the LO power coupling. Nevertheless, any loss or changes in the
LO signal path should not affect the mixer performance significantly, since the RF
signal is coupled along a completely separate path and the direct injection of the LO
signal (without beam splitter) should ensure that there is a large excess of available
LO power. Stray reflection of LO signal within the Dewar, however, may couple into
the RF path and degrades the mixer performance. Such effects should be detectable by
swapping the RF and LO input path, and could be improved by placing Eccosorb®at

critical areas inside the Dewar?.

%In fact, we did observed hints of this LO stray reflection effect during experiments, though no
further effort had been made yet to completely eliminate these reflections.
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6.5.1  Mixer assembly and device mounting

Due to the time constraints, we did not design and fabricate a dedicated mixer block
for these new balanced devices. Instead, we made use of an existing balanced mixer
block, inherited from the previously described experimental system setup. A detailed
description of the mixer block has been reported previously by Grimes (2006), hence
only a short description is given here for completeness. It comprises a 160 ymx320 ym
rectangular waveguide with two 55 ym wide by 65 ym deep slots machined into the
E-plane of the waveguide for holding the quartz mixer chip. Two back-to-back Pickett-
Potter horns, connected to the two ends of the waveguide via circular-to-rectangular
waveguide transitions, were manufactured as part of the mixer block. These were
designed to work with a pair of horn reflector antennas to reduce the divergence of
the outgoing/incoming beams and help to reduce the beam waist radius outside the
cryostat. A detailed analysis of the horn and the reflector antenna can be found in
Kittara (2002). Both the mixer block and the horn reflectors were mounted on an
elongated bracket, together with the magnetic coil and the two flat mirrors as shown

in Figure 6.15 (a).

The IF board was mounted in a pocket alongside the waveguide, and the end of
the microstrip was soldered to two 50 () coaxial SMA connectors mounted on the

back of the block. The 50 () microstrip line (0.6 mm wide) was manufactured on

®)
Figure 6.15: (a) Photograph showing the mixer block and the ancillary relay optics

affixed on the bracket. (b) Internal view of the mixer block, with two back-to-back
Pickett-Potter horn fabricated as part of the mixer block.
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(b)

Figure 6.16: (a) Photo showing a balanced SOI device mounted on the quartz mixer
block. (b) Diagram illustrate the position of the mixer chip relative to the waveguide
groove.

1.27 mm thick RT/duroid 2010LM substrate, with a dielectric constant of 10.2 and
a dielectric loss tangent of tand ~ 0.0023. The IF signals generated by the balanced
mixer were fed through two bias tees and subsequently to the IF hybrid via a pair of
equal length semi-rigid coaxial cables. In principle, two sets of IF chains would be
needed to connect both the output ports of the IF hybrid into two separate cryogenic
pre-amplifiers. However, as explained earlier, one can utilise the anti-symmetry of
the biasing response of the balanced SIS mixer, to measure both the A and X ports
simultaneously by sweeping the mixer from both negative and positive voltages.
Hence, for simplicity, we opted to connect only one output port from the IF hybrid
to the cold IF chain, while terminating the other port with a 50 () load. The cold IF
chain consisted of an IF isolator and an LNA, mounted separately on the Dewar cold
plate. The output of the amplifier was connected through stainless steel semi-rigid

coaxial cable to SMA connector mounted outside the Dewar.

Since the new balanced mixer did not need any bond wires, we simply clamped
the ground beam leads on both sides of the balanced device between the two split
blocks for supporting and grounding of the mixer. Figure 6.16 (a) shows the top-down
view of an SOI device mounted on the lower half of the split mixer block. Installing
the SOI device in the ‘Cambridge” block was not problem free. This is because of
the deep grooves (approximately 65 ym in depth) which were originally designed

to accommodate a serrated quartz balanced chip. The total width of the SOI chip
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(about 360 ym) including the beam leads, is only marginally wider than the total
width (270 pm) of the waveguide slots (including the 2 x 55 ym grooves on each side
and plus the 160 ym wide waveguide). In other words, only a very narrow area was
available for the beam leads to hang above both ends of the waveguide groove and
hold the chip in level with the surface of the block. In order to strengthen the support
for the SOI chip therefore, we cut a small piece of Mylar (36 um thick), and placed it
underneath the central part of the mixer chip, with the Mylar hanging across the deep
waveguide groove, supporting and holding the mixer chip in position with the help
of crystal bond and also levelling the beam leads with the surface of the split block
(Figure 6.16 (b)). We ensured that the Mylar was only a fraction of the length of the
entire mixer chip, and was positioned away from the finline and slotline portion of

the chip to avoid unwanted loading of the waveguide near the finline tapers.

It should be noted that the narrow strip area available for the beam leads eliminated
the possibility of directly bonding the beam leads to the block. Hence, we had to rely
on a mechanical contact of the bare beam leads to the upper and lower split block
to provide grounding. The advantage of this simple mounting process was that the
mixer chip would not be damaged upon de-mounting. While the beam leads could be

slightly distorted, the chip could be used again for subsequent tests, if needed.

6.6 RESULTS AND ANALYSIS

At the time of writing, there were only three balanced devices that have been success-
fully tested. The first (Bal-B05) and second (Bal-B07) device had a slightly different
normal resistance between the two junctions, compared to the last tested device (Bal-
B04). Hence, in what follows, we will focus mainly only on the measured performance
of Bal-B04 which gave the best measured noise temperature so far, and present the
measured data of the former two devices in Appendix B. We will highlight the meas-
ured results for the RF hybrid and in particular, discuss the various sources of noise
contributions supported with extensive simulations, and present further analysis and

suggestions for future improvements.
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6.6.1  Measured performance of the RF hybrid and the DC/IF block

The two most important circuit components in the balanced mixer design, compared
to the single ended devices, are the RF quadrature hybrid and the DC/IF block. To
assess the performance of the RF quadrature hybrid, we made use of the two SIS
junctions as direct detectors, and measured the LO coupling level to the two junctions
simultaneously to verify the power coupling of the hybrid. We made sure that the
pumped current levels of the first photon step were maintained below a third of the

gap current to guarantee operation in the linear regime of the SIS junctions.

Figure 6.17 (a) shows the experimentally measured LO coupling to both junctions
of Bal-B05. This plot was made without taking into account other losses in the circuit,
hence we assume that all the LO power is fully delivered to both junctions. Also
shown in the figure is the simulated performance from HFSS, taking into account
the difference in the junction sizes, but not the junction shifting effect since this is
hard to simulate in HFSS. Note that the HFSS model is not a complete mixer chip,
as mentioned earlier, but simply the cascading of the most important components
i.e., the quadrature hybrid, the DC/IF block and the tuning circuits, assuming the
transmission of the finline and the slotline-to-microstrip transition are the same on

both branches.
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Figure 6.17: (a) Comparison of the measured performance of the hybrid to the HFSS
simulations, with junction size corrected to 0.975x and 1.025x the designated 1ym?
area (corresponding to 19.5 (3 and 20.5 ). (b) Similar simulation performed using
SuperMix full chip model.
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From Figure 6.17 (a), one immediately notices the striking similarity in the general
trend of the HFSS model curve and the measured power coupling between the two
output arms of the RF hybrid. This demonstrates the integrity of the design, and
indeed the successful operation of the RF hybrid. Note that the simulated curve in
Figure 6.17 (a) has been shifted upward by about 7 GHz, and away from each other
by about 1 dB to account for the unknown imbalanced coupling due to the junctions
dislocation and other unknown losses. This adjustment also indirectly indicates that
there is about 1 dB imbalance in the hybrid power coupling because of the junctions

offset in position.

Using the SuperMix full-chip model to cross check the result from HFSS yields
a similar degree of agreement as well, as shown in Figure 6.17 (b). The SuperMix
simulated curves also exhibit details which are more closely resemble the features
found in the measured curve, such as the two humps near the centre of the frequency
band. This improvement in agreement is mainly due to the fact that the SuperMix

model takes into account the junction shifting and is a full chip model.

The ability of both HFSS and SuperMix models to reproduce the measured results
indicates that the original RF hybrid design would work very well, if the SIS junctions
were identical and correctly positioned. The fact that both of these junction fabrication
abnormalities affect the coupling efficiency of the RF hybrid is hardly surprising,
since they not only affect the power coupling to the junction itself, but also affect the

effective impedance seen by both output arms of the hybrid.

Finally, the fact that two independent junctions on the same balanced chip could
be biased separately without any interferences or cross-talk, points to the successful
operation of the DC/IF block to DC isolate the two junctions. The IF leakage of the
component is hard to measured quantitatively, but if the IF blocking was not working
well, one would have seen the IF noise increase significantly when one of the junctions

was biased above the gap - this was not seen in our experiment.
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6.6.2  Balanced mixer performance

The initial assessments of the first three tested balanced mixers have shown promising
performance. However, note that they were not the three best balanced mixers
available in this initial batch as indicated in Figure 6.11, except Bal-B04 (the other
two are Bal-BO6 and Bal-E11). Before we discuss in detail the performance of Bal-
B04, we first summarise the measured gain and noise temperature of all the three
tested balanced devices in Table 6.1 to give an overview. The quoted DSB noise
temperature (Ty()) and the conversion gain (Gg()) were corrected for various known
or estimated RF losses. These include the loss of the HDPE resonant window (without
anti-reflection coating) and the losses incurred from the Teflon used as an infrared
filter. These losses were calculated using the method described in Chapter 5. We also
assumed there was a frequency independent 3% loss from the Zitex®filter, following
the investigation by Benford et al. (2003) which indicates that the G-110 Zitex®we
used could have loss as high as 5-10% near 700 GHz.

To obtain a better understanding of the actual noise from the balanced mixer itself,
we also corrected the measured performance for the additional loss caused by the
deep groove in the waveguide wall. We initially expected that mounting the thin
SOI substrate on a mixer block designed for quartz mixers should present rather
light loading to the unloaded waveguide. However, HFSS simulations show that
the deep groove would in fact alter the performance of the finline taper and the
matching notches substantially, as shown in Figure 6.18. This is most probably due
to two factors. First, the SOI matching notches were not originally optimised for
this waveguide slot width, and secondly, it could be caused by the gold beam leads
hanging across the E-plane of the mixer block. This configuration virtually creates

a resonant cavity between the beam leads and the groove (see Figure 6.16 (b)), and

Table 6.1: Results of balanced mixer tests carried out on 2012-03-09 and 2012-03-19
for FSOI Bal-B04.

Device | fio (GHz) | Ty (K) | Gr (dB) | NR (dB) | Gg() (dB) Tn(e) (K)

HDPE 460 ym | Zitex & Teflon | WG groove
Bal-B04 635 879 -11.6 10.3 -8.3 867 844 714
Bal-B05 595 1169 -12.8 6.8 -5.6 1045 1028 961
Bal-B07 605 1279 -10.1 - -3.1 1178 1159 1093
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could possibly lead to a resonance of higher order modes generated by the waveguide

groove, thus subsequently degrading the quality of RF power coupling to the mixer

chip.

This simulated result is in fact consistent with our observations during experiment,

where direct injection of LO without beam splitter was still unable to saturate the mixer,

apart from at several specific frequencies. Comparing this to the much higher level

of LO power coupling measured with single-ended SOI device, where the matching

notches and the finline taper were of the same design, supports the argument that the

deep groove in the waveguide wall was indeed producing extra RF losses.

6.6.2.1 Bal-B04 device

The following section focuses on the tested performance of the Bal-B04 balanced mixer.

In Figure 6.19 and Table 6.2, we show the measured DSB gain and receiver noise

temperature as a function of frequency between 595-701 GHz. The best noise temper-
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Table 6.2: Results of balanced mixer tests carried out on 2012-03-09 and 2012-03-19
for FSOI Bal-B04.

\ T =3.6 K, Ry =21.36 O & 20.90 O \

fio (GHz) [ T (K) | G (dB) | NR (dB) | Gg(c) (dB) Tyt ()
HDPE 460 ym | Zitex & Teflon | WG groove
601 1041 -11.3 6.5 -7.2 944 901 803
605 966 -11.4 73 -7.8 886 849 764
615 1033 -11.8 6.6 -8.3 976 949 871
625 867 -11.4 9.5 -8.5 839 819 734
635 879 -11.6 10.3 -8.3 867 844 714
650 969 -11.3 13.7 -6.5 969 926 718
660 1155 -12.8 7.0 -7.4 1151 1077 765
670 1149 -12.5 - -6.7 1132 1037 724
T=475K
595 1649 -14.0 3.0 -8.7 1483 1398 1211
601 1468 -13.5 6.0 -8.8 1340 1277 1122
605 1367 -13.3 7.1 -9.0 1261 1209 1080
615 1414 -13.6 8.3 -9.6 1341 1303 1188
625 1263 -13.3 13.0 -9.7 1225 1196 1066
635 1498 -14.3 12.0 -9.9 1480 1440 1203
642 1554 -14.6 7.6 9.9 1548 1495 1187
650 1683 -14.9 7.0 9.4 1683 1605 1175
660 1934 -15.3 7.7 -8.8 1928 1805 1258
670 2227 -16.0 6.4 -8.8 2197 2013 1356
682 2319 -16.4 74 -9.2 2240 1999 1306
690 2632 -16.4 54 -8.2 2498 2219 1507
702 3413 -17.4 6.2 -7.8 3148 2777 1806

ature measured for this device is 714 K at 635 GHz. The overall performance across
the operating frequency band also seems to be consistent except for a mild roll off
towards the high frequency end. As expected, this was caused by the superconducting
circuit surface impedance loss at high frequencies near the gap, which becomes less

significant when the mixer is further cooled down to 3.5 K.

The highest noise rejection ratio (defined as the ratio between the measured Y-factor
of the difference and sum port at the same bias voltage) measured for this particular
device was around 13 dB, slightly lower than what can be achieved by a well-tuned
balanced mixer. This result however was quite acceptable considering both junctions
were shifted in opposite directions. The best noise rejection ratio measured also did
not occur at the location where lowest noise temperature was measured, since this
parameter measures the ability of the balanced mixer to reject the LO amplitude noise,

and is not directly related to the intrinsic sensitivity of the individual junction itself.

Generally, we attribute the high noise temperature measured to the non-identical

junctions and the relative shifting of the junction positions. The former factor could



6.6 RESULTS AND ANALYSIS 124

0.25 T T T T T T T T T
Jungtion A Junction B | PP e W A T L C

02 i P — g0 ‘ ‘
< i i i ‘ : : : ; > oI
E 045 fro e S = M
= ‘ ‘ ‘ ‘ ‘ : ‘ I ‘
5 . ¥
O e R e [ R S E e e S I e g :
=] 3 -
O ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ <3 ‘ ‘ ‘ ‘
0.05 554 I N Y I L 0.15 i B A
0 L ‘ i

0 1 2 3 4 0 1 2 3 4 5 -4 -2 0 2 4

Bias voltage (mV) Bias voltage (mV) Bias voltage (mV)

Figure 6.20: Example of IV and IF curves measured from FSOI Bal-B04.

result in one junction producing more noise when the other is biased at its optimum
operating point. Combining this effect with the junction offset in opposite directions
relative to the tuning circuit could make the two SIS mixers to have different and
opposite tuning behaviours. This would also affect the equality in power coupling to

the junctions as well.

We have also noticed that the unwanted Josephson current was rather difficult to
suppress simultaneously for both junctions. This is shown in Figure 6.20, where one
can clearly see that when the magnetic coil was adjusted to suppress the Josephson
effect completely in the first junction, the second junction was still affected by the
Shapiro steps effect. This results in the final combined IF outputs from the IF hybrid
having a strong Josephson noise contribution, and unavoidably degrades the measured

sensitivity.

Another factor that must have degraded the receiver sensitivity is the beam trunca-
tion at the RF optical path for RF power coupling. As mentioned earlier, due to the
long optical path inside the Dewar and the small cryostat window, the LO and RF
beams were partially truncated. The truncation was lower on the shorter optical path
as shown at the top half of Figure 6.14. Therefore, we chose to couple the hot/cold
load signal through the shorter path, and rely on the terahertz lens to improve the LO
coupling for the longer path. Following standard Gaussian beam analysis, the power
coupling through the window for the longer path improved significantly with the help
of the lens, but the RF port was still truncated at about 9 dB edge taper due to the lack

of additional focusing element. Furthermore, it was rather difficult to carefully check
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the alignment of the entire optical system, since they were all affixed to the bracket,
and were confined within the cryostat itself, preventing any further adjustment during
the experiment. Imperfect optical alignment could cause stray reflection within the

cryostat, introducing unwanted power coupling to the mixer.

Comparing the 800 K measured noise temperature for the balanced mixer to
the 400-500 K noise temperature measured in the single-ended SOI device gives
us a perspective on their relative performance. Given that these measured noise
temperatures were already subjected to several known RF loss, we believe that the
extra ~ 300 K noise was caused by the RF beam truncation problem mentioned above.
An imperfect impedance match RF hybrid could also cause reflection of RF power back
to the hybrid, cancelling out part of the incoming RF power, since the reflecting signal
would be 180° out of phase with the input RF power. However, this loss mechanism
must be insignificant compared to the beam truncation problem, because these are
losses at 4 K, and the magnitude of power reflection into the hybrid should be rather
small. This was demonstrated when the redundant junction was biased at different
voltages to assess its effect on the tested junction. No significant increase in noise
temperature was observed. This simple experiment also indirectly demonstrates that

the IF leakage between the junctions was minimum, as mentioned in Section 6.6.1.

We would like to emphasis that, apart from the higher than expected noise tem-
perature, the mixer chip has in fact operated successfully as a balanced mixer. This
is most clearly demonstrated in Figure 6.20, where the difference between the sum
(negative biasing) and difference (positive biasing) on the photon step is obvious.
For example at bias voltage V}, = -2 mV, we can see that the difference in hot and
cold loaded IF curve at the A port is significantly higher than the ) port, indicating
that the balanced mixer had successfully separate the required IF signals from the LO

noise, and injected them into two different ports.

6.6.2.2  Comparison with theoretical model

To verify the impact of junction shifting and size difference on the measured noise

temperature performance, we ran a SuperMix simulation taking into account both
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effects. In Figure 6.21 (a), we plotted the SuperMix predicted response across the
operating frequency band in comparison with the measured performance at 3.5 K.
Even though the predicted noise temperature was much lower than the measured one,
the general behaviour were very similar. This indicates that the additional noise could
be caused by a relatively frequency-independent loss mechanism such as the RF beam
truncation and incomplete Josephson noise suppression. SuperMix also predicted that
the non-optimised junction configuration could alter the behaviour of the IF response
of the balanced mixer. As shown in Figure 6.21 (b), this could potentially double the

measured noise temperature across the IF frequency band.

In order to further understand the intrinsic tuning behaviour of the individual junc-

tion from the balanced test data, we performed the SuperMix calculations described in
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Chapter 3 to recover the embedding impedances of each junction. Figure 6.22 shows
the imaginary part of the embedding impedance and the DSB gain recovered from

SuperMix based on the measured IV curves.

Interestingly, one notices immediately that the two junctions exhibit a different
tuning behaviour, as if the two mixers that are tuned ‘out-of-phase” in frequency. We
believe that this effect is largely due to the oppositely shifted junctions with respect to
the tuning stubs. Relating this to the measured noise temperature performance, we see
that at 635 GHz, the reactance of both junctions was close to zero, and the DSB gain
of both junctions was high. This coincides exactly with the frequency at which the
best noise temperature was measured. The fact that the measured performance stays
almost constant throughout the frequency band is also not hard to explain, as one can
see from these plots, almost at all frequencies, the good performance of one junction
is degraded by the relatively inferior performance of the other junction. For example,
Figure 6.22 (a) and (b) both show that the embedding reactance and DSB gain of the
two junctions are most different at 615 and 660 GHz. This translates directly to the
relatively poor measured performance at both of these frequencies, compared to the

average measured noise temperature.

6.6.3 Single junction noise temperature

With proper configuration, it is possible to measure the sensitivity of individual
junction fabricated on the balanced mixer. This test is useful since it can reveal
information about the integrity of the design and the loss mechanism that are not
directly related to the balanced operation. We approached this by fabricating a new
bracket to direct the feed horn pointing straightly outwards the Dewar window, while
covering the aperture of the other feed horn with an absorbing material attached
to mixer block wall. All the remaining optics, including the horn reflectors, were
removed to minimise the optical complexity. The LO power was coupled through a
beam splitter in the similar fashion described in Chapter 5 for testing the single-ended
SIS devices. Only the IF output from one of the junctions under test was connected

directly to the cold IF sub-system, without the IF hybrid. The other redundant junction
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Table 6.3: Results of balanced mixer tests carried out on 2012-03-26 for FSOI Bal-B04a.
\ T=45K Ry =21360Q \

fio (GHz) | Ty (K) | Gk (dB) | Gr(e) (@B) Ty K
75 ym BS | HDPE 460 ym | Zitex | WG groove | RF Hybrid
625 3513 -21.3 -14.1 3113 3032 2944 2471 1357
630 2999 -20.5 -13.1 2649 2601 2526 2059 1151
635 2712 -19.9 -12.1 2397 2370 2303 1783 1024
640 2684 -19.7 -11.4 2371 2358 2292 1679 987
645 2533 -19.3 -10.7 2237 2233 2171 1514 910
650 2624 -19.6 -10.9 2320 2320 2254 1461 866
655 2574 -19.4 -10.2 2275 2274 2210 1385 840
660 2586 -19.4 -10.0 2287 2280 2216 1326 808
670 2860 -19.8 -10.1 2538 2505 2434 1383 842
676 2470 -194 -10.4 2188 2138 2076 1136 666
678 2873 -19.8 -10.0 2549 2483 2413 1355 826
682 3963 -21.7 -12.3 3535 3419 3319 1784 1016
691 3411 -20.7 -10.5 3042 2882 2801 1539 931

Table 6.4: Results of balanced mixer tests carried out on 2012-04-19 for FSOI Bal-B04b.
| T=45K, Ry = 21.36 O |

fio (GHz) | Ty (K) | G (dB) | Gr(e) (dB) Ty K
75 ym BS | HDPE 460 ym | Zitex | WG groove | RF Hybrid
605 2199 -18.8 -114 1935 1793 1742 1464 849
615 3426 -21.1 -13.8 3033 2891 2808 2426 1343
625 3267 -20.9 -13.6 2890 2813 2732 2298 1274
635 2908 -20.3 -12.5 2569 2540 2468 1907 1087
642 3466 -21.0 -12.4 3070 3058 2972 2125 1226
650 3916 -21.6 -12.2 3478 3478 3379 2172 1266
660 4593 -223 -12.2 4087 4077 3961 2311 1352
670 5115 -22.7 -12.0 4560 4503 4376 2447 1454
682 6399 -23.7 -12.1 5725 5542 5387 2985 1785
691 8191 -249 -13.2 7342 6976 6778 3666 2135
702 10605 -26.2 -13.9 9538 8837 8583 4199 2406

was terminated with a 50 () load. The IF connections were simply swapped for testing

the other junction independently.

Figure 6.23 (a), Table 6.3 and Table 6.4 show the measured sensitivities for both
junction A and B of Bal-B04. After correcting for the RF losses, and taking the 3 dB
coupling from the RF quadrature hybrid into account, we arrived at an average noise
temperature of around 800-1200 K, and DSB gain of about —10 to —12 dB. Note that
due to the waveguide groove problem indicated earlier, the LO coupling was rather
poor in this configuration, since a beam splitter only couples a small percentage of
the LO power available from the source, hence at certain frequencies the mixer was

relatively underpumped. These were shown as triangle points in Figure 6.23 (a).

An interesting feature in Figure 6.23 (a) is that one can see clearly that one of

the junction was tuned towards the lower frequency end, while the other performed
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Figure 6.23: (a) DSB gain (dashed line) and noise temperature (solid line) of Bal-
B04a (black curves) and Bal-B04b (blue curves) measured independently. (b) IF noise
contribution estimated experimentally showing high IF noise at ~12.5 K.

better at the high frequency end. This in fact validates our earlier suggestion that
the dislocation of the junction position shifted the tuning of the two mixers towards
opposite frequency ends. Thus, even if the RF power could be coupled equally to
both junctions, the good performance of one junction at a particular frequency would
certainly be degraded by the inferior performance of the second junction. This can
clearly be seen in the frequency range from 640-690 GHz where the noise temperature

measured for junction B is almost double that of junction A.

It is interesting to note that the measured performance of the individual junctions
was slightly inferior compared to the balanced mixer performance. This could be
attributed to the ability of the balanced mixer to reject the LO amplitude noise. How-
ever, the improvement was not vastly significant, as the balanced mixer performance
was degraded by the additional noise from the non-optimised combined junctions’

performance, as explained earlier.

Calculation of the noise contributed by the IF sub-system indicates that there existed
a higher than expected IF noise compared to the single-ended devices, as shown in
Figure 6.23 (b). This observation indicates that the lack of impedance matching
between the IF port of the mixer to the IF amplifier chain might have contributed to
higher noise temperature performance. Note that this IF noise contribution calibration
methods only works if the balanced mixer is configured for testing the single junction

independently, because the method relies on calibration against the shot noise of the
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individual junction (see Chapter 3).

6.7 SUMMARY

We have presented the design of a wideband unilateral finline balanced SIS mixer
at 700 GHz using SOI and planar circuit technology. The design results in an easy
to fabricate mixer chip and mixer block with elegant yet fully integrated planar
circuits. The performance was fully simulated using rigorous electromagnetic methods

exported into SuperMix.

Preliminary assessment of the initial batch of balanced mixers show promising
performance. We measured a DSB noise temperature of about 700 K at 635 GHz.
Although the measured noise temperature are higher than expected, we attribute
most of the losses to the difference in tuning behaviour between the two junctions,
due to the junction shifting and changes in junction size. These discrepancies made
it impossible to tune the two junctions simultaneously, equalise the coupling and
suppress the Josephson noise from pair tunnelling. Another significant loss is the RF
beam truncation caused by the long optical path between the feeds and the Dewar

window.

Nevertheless, we have shown that the two key design circuit components, the
DC/IF block and the RF quadrature hybrid, performed well to specification. The
measured results were reproduced using SuperMix and HFSS models, thus validating
the integrity of the designs. Consequently, this balanced mixer design could now be
re-fabricated to alleviate the junction offset and size problems without altering the
chip design, hence enabling reuse of the existing mask. Moreover, a suitable mixer
block and matched IF circuit need to be fabricated, in addition to improving the
optical design inside the Dewar. With these basic modification, we expect a substantial
improvement on the balanced mixer sensitivity while retaining all the novel features

of this design.
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DESIGN OF 700 GHz SINGLE SIDEBAND SIS MIXERS

Overview: This chapter focuses on the design of 700 GHz single sideband SIS mixers,
where the USB and LSB sidebands are separated at the IF output. Similar to the
balanced mixer design, the RF and LO powers are fed separately through two back-to-
back unilateral finline tapers deposited on a 15 ym SOI substrate. The designs include
a sideband separating mixer and a balanced with sideband separating mixer. All the
RF circuit components are integrated on-chip, and their designs will be discussed
in detail. For each mixer, the required circuit components are combined to form
a full mixer chip model within SuperMix, and the predicted performances will be

presented.

7.1 INTRODUCTION

In Chapter 4 and 6, we have described in detail the design of single-ended and bal-
anced SIS mixers on a 15 ym thick SOI substrate, and have shown that these mixers
have promising performances. Building on these results, we have developed a side-
band separating, and a balanced with sideband separating (hereinafter balanced-2SB)
SIS mixer that covers a similar RF range from 600-700 GHz. The design methodology
follows closely that of the single-ended and balanced SIS mixer, and we opt to retain

the same fabrication process as those mixers reported previously. Both of the sideband

131
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separating and balanced-25SB mixer designs have their own advantages and limitations,

as discussed below.

7.1.1  Sideband separating mixer

The balanced mixer concept described in Chapter 6 above has some well-known
disadvantages. The IF output remains unseparated, hence the image sideband (where
the spectral signal is usually absent) only contributes to noise, and thus degrades
the sensitivity of the mixer. A sideband separating receiver, on the other hand, is
designed to separate the signal and image sideband at the mixer’s IF port. Both upper
(USB) and lower sidebands (LSB) are detected simultaneously, but the image sideband
is terminated on a 4 K load, thus providing better noise reduction over a double

sideband (DSB) receiver.

The sideband separating mixer requires three additional RF circuit components.

These are the in-phase power divider, the LO directional couplers, and the 4 K
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Figure 7.1: Block diagram showing the components needed for a sideband separating
mixer. The notation for the various phasors are: LO in black, RF in blue, USB in red,
LSB in green, upper branch IF in solid arrow, and lower branch IF in dashed arrow.
All phasors are referenced to the upward pointing direction as 0° and clockwise for a
positive phase shift.
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termination loads. Unlike the balanced mixer, the RF power is divided via a quadrature
hybrid to produce a 90° phase difference RF output, while the LO power is split
through an in-phase power divider!. Both the RF and LO power are then combined
through two directional couplers (upper and lower branch of Figure 7.1), where the LO
power is delivered to the SIS junctions at about —15 dB level. This helps to minimise
the warm LO noise contribution to the final mixing output. The excess LO power
(with a small amount of RF signal) at each branch is terminated at a 4 K load, which
in our case, is a dummy SIS junction biased above the gap voltage (see Section 7.2.3).
The unused input port of the RF quadrature hybrid is also terminated with a similar
dummy tunnel junction acting as a 4 K load. The bias voltage for all these dummy
junctions can be applied directly through the bonding pad connected to the junction,

since the junctions are isolated by the DC/IF blocks, and thus can be biased separately.

The combined RF/LO power from both branches are mixed separately using two
identically tuned SIS tunnel junctions. The down-converted IF output from each mixer
still contain both the USB and LSB. They are separated through a 90° IF hybrid with
an operating bandwidth of 4-6 GHz (King, 2009), where the USB is combined in
phase and the LSB 180° out of phase, at the USB port. Similarly, at the LSB port,
USB is combined anti-phase and LSB in phase. The only drawbacks of the sideband
separating design compared to the balanced mixer design is the loss of immunity
to LO noise, the requirement of higher LO power and a slightly more complicated

design.
7.1.2  Balanced with sideband separating mixer

Having designed a balanced SIS mixer and a sideband separating mixer using the
cascading method of individual RF planar circuit components, the next step is to com-
bine both designs to produce a more advanced balanced-2SB SIS mixer. Interestingly,
this mixer design is in fact a simpler planar circuit compared to sideband separating
mixer design, since it does not need a —15 dB LO directional coupler. This is because

the balanced circuit has already cancelling out the LO noise and thus the LO power

INote that the operation of a sideband separating mixer remains the same even if these two ports
are swapped.
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Figure 7.2: Block diagram showing the components needed for a balanced mixer
design with sideband separating. The notation for various phasors are: LO in black,
RF in blue, USB in red and LSB in green. All phasors are referenced to the upward
pointing direction as 0° and clock-wise for positive phase shift.

can now be fully utilised without worrying about the impact of additional LO noise.
An additional bonus is that only one 4 K termination load is now required, at the
input port of the RF quadrature hybrid. However, this design needs four operating

SIS junctions which ideally have to be fabricated identically.

A straightforward way of implementing a balanced-2SB mixer is by splitting both
the RF and the LO power equally into two balanced mixer chips?>. The LO (or RF)
is fed in-phase to both the balanced mixer chip, while the RF (or LO) is coupled
through a quadrature hybrid to produce a 90° phase difference between the two
balanced mixers. This power splitting scheme leads naturally to the conventional
way of constructing a waveguide-based balanced-2SB mixer, where both signals are
fed into two identical balanced mixer blocks and combined mechanically using a

waveguide RF hybrid and an in-phase power divider.

In our design, we opt for incorporating all the RF components onto a single mixer

ZNotice that the upper and the lower branches of Figure 7.2 are in fact identical to those in Figure 6.1
for a balanced mixer.
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chip. The RF and LO power injection method are the same as the sideband separating
mixer described above. The key difference is that the —15 dB LO directional coupler
is now replaced by the second stage RF quadrature hybrid, with the subsequent
circuit components remaining exactly the same as a balanced mixer on each branch.
The down-converted IFs from the difference port of these ‘balanced” mixers are
then combined through a 180° IF hybrid, to produce the USB and LSB outputs that
are free of LO noise (these unwanted noise was diverted into the sum port of each
‘balanced” mixer). The readers are encouraged to follow through the phasor diagram
in Figure 7.2, starting from the LO and RF port towards the final IF outputs of the

mixer, to see how these USB and LSB splitting scheme works in principle.
7.2 DESIGN OF THE RF PASSIVE CIRCUIT COMPONENTS

A few additional circuit components, such as an in-phase power divider, directional
coupler and 4 K termination loads, are required for these advanced mixer designs.
Following the design of balanced mixer, we used only planar circuit technology here,
and all the RF circuit components are integrated onto a 15 um SOI substrate. These
planar circuits components are made out of 250 nm niobium ground layer, 475 nm
silicon monoxide dielectric layer and 400 nm niobium wiring layer. No lumped
elements were used, and all the circuit components are matched to a 20 () input
and output microstrip. The finline taper, the finline-to-microstrip transition, the RF
quadrature hybrid and the DC/IF block retain the same design as the balanced mixer
design, and both sideband separating and balanced-2S5B design are based on the
1 um? Nb/AlO,/Nb SIS tunnel junction with 20 ) normal resistance and junction

capacitance of 75 fE.
7.2.1 In-phase power divider

Both sideband separating and balanced-2SB mixer require a 3-port in-phase power
divider, in addition to the 90° RF hybrid, for their operation. The fundamental property
of a lossless reciprocal 3-port device implies that the input/output impedance of all

three ports cannot be simultaneously matched unless a resistor is introduced to
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Figure 7.3: AutoCAD layout of the complete sideband separating and balanced-2SB
SIS mixer chip. These drawings were drafted without the dielectric layers for clarity.

compensate for the coupling between the output ports. The standard Wilkinson-type
power divider design, therefore requires the use of a lumped resistor that would
require additional fabrication steps, (e.g., Kerr & Pan, 1996). Alternatively, a Y-junction
waveguide can be employed (Claude et al., 2000), but this is often bulky and required
high precision mechanical machining. Vassilev et al. (2001) used two probes (pointing
against each other) hanging across the E-plane of a waveguide, to split the input RF
signal equally between two output ports. However, this design is not suitable for the
back-to-back architecture since the 90° phase shifted RF hybrid would no longer be

easily incorporated on-chip without a complicated circuit arrangement.

In order to maintain elegant planar circuit integration, we opted for a design that
allow some power coupling between the two output ports i.e., So3 # 0, but does not
degrade the performance significantly. Following Vassilev et al. (2001), we set the
allowed trade-off of Sy = S33 = Sp3 = S32 = —6dB. This would have negligible effect
on the overall mixer performance, as the reflected LO power is normally absorbed
by the 4 K termination load via the RF quadrature hybrid (depending on the mixer

design). The LO power which is reflected back to the LO source is also insignificant
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since it is in-phase with the incoming LO radiation (Claude et al., 2000).

Our design employs a microstrip Y-split with the impedance of both the output
ports (set to 20 () made approximately double that of the input port impedance.
This arrangement allows the two output ports to be seen as connected in parallel
from the input port, and thus match the impedance. The simple Y-split innately split
the incoming power evenly (-3 dB) between two output ports due to its balanced
feature. Again, a quarter-wavelength transformer is then used to transform the
characteristic impedances of the input port back to a 20 () line. Unfortunately, this
transformer also changes the impedance seen by the output ports, hence the limitation

of simultaneously matching all three ports in a lossless reciprocal three-port device.

In order to circumvent this predicament, we connected a microstrip section, with a
butterfly stub in the middle, between the two output arms, as shown in Figure 7.4 (a).
This extra branch line provided an extra degree of freedom for impedance matching.
In principle, this transforms the simple 3-port power divider into a 4-port branch-line
circuit, with the butterfly stub acting as a virtual opened (isolated) fourth port. By
altering the length of this fourth branch line, and the distance between the isolated
port to the input and output ports, we managed to achieve an operating bandwidth

as wide as 200 GHz, as shown in Figure 7.4 (b).
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Figure 7.4: (a) Layout of the in-phase power divider. Panel (b) shows the S-parameters
of the structure and the phase difference (+0.5°) between the two output arms
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7.2.2 —15dB LO directional coupler

A sideband separating mixer requires a directional coupler to couple only a small
amount of LO power into the RF path, to ensure that the warm (room temperature
300 K) LO noise is not fully injected into the junction. Conventionally this was realised
using a waveguide structure, with holes between two adjacent waveguides; or using
CPWs with air bridges connecting the central strip of the two CPW lines (Kerr & Pan,
1996; Claude et al., 2000; Vassilev et al., 2001). In our design, we used a microstrip-
based directional coupler for ease of integration, as shown in Figure 7.5. The coupling
of field lines between two microstrip lines depends strongly on the gap between
them. Given that the smallest gap convenient for photolithography is ~3 ym, and the
thickness and material of the dielectric layer is pre-determined, the coupling efficiency
would be too small for operating at sub-THz frequencies. To increase the coupling,
we cut out two openings at the ground plane underneath the two coupled microstrips.
They can be seen in the centre of Figure 7.5 (a), shown as two small boxes between
the two microstrips. These small ground plane gaps force the field lines adjacent to
the neighbour microstrip to cross over, hence achieving a better coupling efficiency.
The amount of coupling is mainly controlled by the length of these openings. Again,

the coupled lines are cascaded to achieve a wider bandwidth.

Our directional coupler was designed to couple —15 dB of LO power to the adjacent

microstrip, and as shown in Figure 7.5 (b), the final optimised coupler design indeed

N
S

N
S

l 3x100 5x50 7.5x50
——

w
Response (dB)

I
/

1
b
|
T

40 4
S12 weeeeee
S13 —
50 f
550 570 590 610 630 650 670 690 710 730 750
Frequency (GHz)

(@) (b)

Figure 7.5: (a) Layout of the 15 dB LO directional coupler. Panel (b) shows the
S-parameters of the structure across the designated bandwidth simulated using HFSS.
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gives a coupling (S14) close to the design value from 600-700 GHz. The return loss
is less than —20 dB, with leakage between the two input ports (S13) less than -30 dB

across the band.

7.2.3 4 K termination cold load

Both sideband separating and balanced-2SB mixer designs need a 4 K load incor-
porated into the quadrature hybrid or to the fourth arm of an LO coupler as a cold
load termination. Since most of the quadrature hybrids or LO couplers used to date
are of a waveguide type, the most natural way of utilising a 4 K load is simply to
embed a piece of RF absorber material within the waveguide arm. For planar circuit
design, using either a capacitively loaded coplanar waveguide (CLCPW) or microstrip
as transmission line, a simple thin film lumped resistor can be employed. To keep the
fabrication process identical to that of a single-ended mixer, we avoided the use of the
thin film resistor and instead used an SIS tunnel junction biased above the gap as a

4 K load.

To achieve this, we bias this idle junction separately at a constant voltage above
the gap voltage i.e., at 6 mV, while the working junctions are biased below the gap
voltage as required for normal mixer operation. Above the gap voltage, an SIS junction
simply acts as a resistive load, generating no IF signal. The only main source of noise
would be the shot noise, and its contribution should be minimal since the junction is
physically kept at 4 K. The mixer chip therefore needs to be separately biased at two
different voltages, which is feasible since the working SIS junctions are DC isolated

using the DC/IF block described in Chapter 6.

7.3 MIXER SIMULATIONS

7.3.1 Sideband separating mixer

Due to the large number of components in the sideband separating mixer design,
it is not feasible to simulate even some of the important parts of the RF circuit in

HEFSS, because of computer memory constraints. However, as we had demonstrated
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in Section 6.3 of Chapter 6, Ansoft Designer with the S-parameters of the individual
RF circuit components imported from HFSS can produce adequate prediction of the
RF performance of the final mixer chip. The RF performance of the full sideband
separating mixer chip is therefore analysed using this method. Figure 7.6 shows the
power coupling to the two identical SIS junctions, and the return loss and isolation
between the two input ports of the sideband separating mixer simulated using Ansoft
Designer. The predicted performance is as good as expected from 600-700 GHz. The
return loss remains below -10 dB from 590-720 GHz, while the difference in the power

coupling between the two SIS junctions is less than £1 dB.

As in the case of the balanced mixers, the performance of the sideband separat-
ing mixer chip was simulated using SuperMix after importing the S-parameters of
individual components from HFSS. In these SuperMix simulations, the actual 90° IF
hybrid is simply replaced by the S-parameter matrix of an ideal 90° IF hybrid created
artificially within SuperMix. Note that the performance of an actual hybrid should

not be the limiting factor in the final mixer performance.

From Figure 7.7, it can be seen that the sideband rejection ratio is very good,
below -50 dB level across the entire band, but the mixer conversion gain is almost
half of that of the balanced mixer, while the predicted noise temperature is nearly
quadruple. The increase in noise temperature by a factor of two is not surprising since

the balanced mixer has a DSB response while the output of a sideband separating
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Figure 7.6: Ansoft Designer simulation of the full sideband separating mixer chip by
importing various S-parameters from HFSS.



7.3 MIXER SIMULATIONS 141

: ‘ : 180 180
LSB Gain
0 USB Gain ------- 40
~ LSB Rejection 160 160
e USB Rejection -~
o -10 e = -10 & 140 \ v ~ 140
e e < i o
= R £ f—; 120 4 120 \fj
820 208 5 Lo f / £
s s g 100 S 100 &
® ® =% o
g0 08 £ g \ N 80 §
g ; s 0 \ e
bt : bt 8 e 60 8
= i Y fe, = 40 40
50 [ Ty ] 50
N\ WAV S Vg 20 - 20
— L [ [ USB Noise Temperature
0 ‘ ! W g o LSB Noise Temperature ------- o
550 570 590 610 630 650 670 690 710 730 750 550 570 500 610 630 650 670 690 710 730 750
RF Frequency (GHz) RF Frequency (GHz)
(a) RF response: fixed bias points at 2.4 mV with  (b) RF response: fixed bias points at 2.4 mV with
IF frequency set at 4.5 GHz IF frequency set at 4.5 GHz
0 : : : . 170 180 ; : 0
LSB Gain i Unpumped Curve
USB Gain =-==---- [ Pumped SIS No.1
LSB Noise Te i Pumped SIS No.2
5 USB Noise Temperature === i 160 150 | LSB Gain . 5
[ M - USB Gain _
810 A — 150 D / g
< i 3T =1 . -10 £
] i g < = %, ]
) H =1 = i o
515 i g I i 2
a | g @ 90 ; -15 2
1] ; £ 5 5]
220 / . 130 @ o 2
IS I ; o Q S
2 i W SR (VR 2 O 60 i 209
25 ] - R T e iy 1202 / =
= / e P s \ ! =
20 / L o \ ‘-.‘\ 110 30 e 25
-35 : = 100 iy -30
3 35 4 45 5 55 6 65 7 0 05 1 15 2 25 3 35
IF Frequency (GHz) Bias Voltage (mV)
(c) IF response: fixed bias point at 2.4 mV with (d) Bias response: at 650 GHz with IF frequency
RF frequency at 650 GHz set at 4.5 GHz

Figure 7.7: SuperMix simulations showing the predicted behaviour of the final design
of the sideband separating mixer chip.

mixer is split into USB and LSB bands. The additional loss of performance is therefore
mostly attributed to two factors. The warm LO amplitude noise is still coupled to
the SIS junctions even though the impact had been largely reduced; and part of the
RF signal is lost in the =15 dB LO directional coupler. Furthermore, referring back
to Figure 7.3, one can see that the superconducting circuits employed are almost
double the size compared of those used in the balanced mixer design. This inevitably
increases the superconducting losses, especially when the mixer is operating near
its superconductor’s gap frequency. Nevertheless, the performance is good for a
preliminary design without any extensive optimisation. Given the complexity of the
circuit, there should be much room for further performance improvements, before

being finalised for mixer fabrication and testing.
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7.3.2 Balanced-2SB mixer design

Figure 7.8 (a) and (b) show the Ansoft Designer predicted RF performance of the
final balanced-2SB mixer chip from the LO and RF port, respectively. Here, the LO
coupling to each of the 4 junctions drops to about -7 dB compared to the —4 dB of the
sideband separating mixer. This is to be expected since the LO is now split equally
through the RF hybrids to 4 SIS junctions where each of them is connected to a tuning
circuit that suffers from imperfect coupling efficiency. The isolation between the RF
and LO ports however remains lower than —10 dB across the operating bandwidth,
as does the return loss of both input ports, except for a slight deterioration below
630 GHz. The 180° phase difference between the LO coupling to the two sets of SIS
junctions (the ripples) in Figure 7.8 (a) points to a good LO sideband noise rejection
ratio, since they are expected to cancel each other out through the IF hybrid. An
interesting observation here is that the 90° phase difference (quarter wavelength shift
of the ripples) of all 4 SIS junctions in Figure 7.8 (b) is in fact purely the result of the
cascade of two RF quadrature hybrids on the RF path.

As usual, we simulated the heterodyne mixing performance of the mixer design
using SuperMix. A noticeable change shown in Figure 7.9 (b) is that compared to
the sideband separating mixer, the predicted sidebands noise temperature is now

improved by a factor of two. This improvement comes from the rejection of the
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Figure 7.9: SuperMix simulations showing the predicted behaviour of the final design
of the balanced with sideband separating mixer chip.

additional LO amplitude noise, resulting in USB and LSB noise temperatures about
double those of the DSB noise temperature of a balanced mixer. This effect is clearly
shown in Figure 7.9 (a), where only the USB and LSB sidebands now have a higher
conversion gain than the other ports, since the output of the remaining sidebands is
now simply the residue LO sideband amplitude noise. These theoretically calculated
good performances of this preliminary balanced-2SB design demonstrates that the
design is promising for further improvements with minor adjustment of the various

circuit components.
7.4 SUMMARY

This chapter presents the design of two single sideband SIS mixer based on SOI

substrate technology. They are the sideband separating mixer and the balanced-2SB
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mixer. All mixer designs presented here have their required superconducting circuits
integrated on-chip, thus greatly simplifying the requirements of the accompanying
mixer block. The designs also take into account the complications which can arise in
fabrication, and we chose to use the simplest fabrication steps, similar to those of the

single-ended and balanced SIS devices.

For designing these advanced mixers, we have introduced a simple method for
calculating and simulating the performance of the final mixer design. First, we
designed and optimised each required RF circuit components separately using a 3-D
electromagnetic simulator. We then made sure that both the input and output ports
of each component are matched to the system-wide 20 () microstrip line, to facilitate
the integration of various RF components for forming a complete working mixer chip.
As demonstrated in this chapter, this method works very well, although there is still

room for improvement upon these preliminary designs.



8

THE CHARACTERISTICS OF AN SIS JUNCTION NEAR ITS

SUPERCONDUCTING GAP?T

Overview: In this chapter, we present two new studies investigating the behaviour
of a tunnel junction operating near its superconducting gap, which can not be easily
deduced from standard mixer theory. Firstly we used the current-voltage (IV) charac-
teristic of an SIS mixer to study the localised heating effect of the tunnel junction by
the tunnelling currents, and from this we were able to extract a fundamental physical
property of the superconductor. Secondly, we studied the influence of Josephson
pair tunnelling on the sensitivity of an SIS mixer, where we observed that under
certain circumstances, the pair tunnelling seems to improves the noise temperature

performance of an SIS mixer.
8.1 LOCAL TUNNELLING HEATING EFFECT IN SIS JUNCTION

In Chapter 3, we introduced a function relating V,,, with the physical temperature
of the SIS mixer (i.e., Vg ~ 3.52kpT1/1 — ]]:C) As well as the physical temperature,
the energy gap Vg, of an SIS mixer operating near its energy gap also depends
strongly on the LO pumping level, as a result of heating effects taking place in the
junction (Leone et al., 2000; Dieleman et al., 1996). The implication of this effect on

mixer performance is worth studying since accurate determination of the energy gap

145
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is central to the performance of the mixer. Here, we present a simple formulation
for studying this heating effects in SIS tunnel junctions near the energy gap, and
demonstrate that the electron-phonon interaction time (7,,;,) of the superconducting
material can be directly recovered from the DC pumped IV curves of an SIS device

(Tan et al., 2009).
8.1.1  Method of analysis

The DC pumped IV curves used in our calculations were taken by Kittara (2002)
using a 700 GHz niobium-based antipodal finline mixer with a 1ym? Nb-AlO,-Nb
junction. The Josephson current was fully suppressed by a magnetic field during
these measurements and the critical temperature of Nb used throughout this section
is assumed to be 9.3 K. The IV curves measured at different pump levels are shown in
Figure 8.1 (a) and the gap depression with increasing pump level can be clearly seen,

which is typically ~0.1 mV.

Although the heating effect by RF signals for hot electron bolometers (HEBs) have
been widely studied, there is relatively limited information reported on the effect
in SIS junctions. Leone et al. (2001) have previously reported electron heating of a
niobium SIS mixer, using niobium titanium nitrate (NbTiN) stripline with Nb-Al-
AlO,-Nb junction. They attributed the mechanism responsible for the heating to the

energy gap discontinuity at the Nb/NbTiN interface. We believe however, that the

160 140 T T

—— Experimental Curve

—— Theoretical Curve without Heating /
140 —— Theoretical Curve with Heating

-
N}
S
= =
o ]
=] ]
—
\?

Current (UA)
o 5
o o
Current (HA)
3
—~—

g
S

(——
-~

N

—
20 e

60
__’//
0 20

0 05 1 15 2 25 3 2 22 2.4 26
Bias voltage (mV) Bias voltage (mV)

(a) (b)

Figure 8.1: (a) The measured IV curve for different LO pump levels. (b) The matching
of simulated IV curves with and without the heating effect with the experimental IV
curve.
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heating effect in our all Nb-based SIS mixer is different and can be resulted from
different mechanisms i.e., heat dissipation in the electrodes but not the heating caused
by the Andreev reflection effect as described by Leone et al. (2001), although there are

some similarities to the mechanisms found in HEBs.

As excited quasiparticles tunnel through the junction barrier, power is dissipated
in the junction. At steady state, this power is transferred by thermal conduction
through the superconducting ground film to the substrate. The heat transfer from
the junction to the bath can be described phenomenologically using an effective heat

transfer coefficient, 7, which may be written as
Ptotal = W(Te)WZt(Tfi - T;i)/ (81)

where Py, is the total power coupled the junction, T is the effective electron tem-
perature (junction temperature), Tj is the bath temperature, w, ! and t are the width,
length and thickness of the junction defining its volume and 7; is an index which
depends on the model used for heat transfer. Equation 8.1 is in fact a rather general
equation that can be used to describe any heat transfer process. The heat transfer
coefficient #(T, ), is a temperature dependent parameter defined as

Ce

— (8.2)
niTenl 1Teph

n(Te) =

where C, is the electron heat capacity and 7, is the electron-phonon interaction time.
In order to incorporate the temperature dependent effect of the heat capacity into the
final equation, the low temperature limit heat capacity equation is used to calculate

C. (Duzer & Turner, 1981) as

IN(ED)A: [ —A
C, = <TF) exp ( kBTe) , 83)

where N(Er) is the density of states at the Fermi level and A is the superconducting
energy gap.

From the BCS equations, the DC and RF power dissipated in the junction at each
bias point are given by,

L nhv L, eVip nhv

Prf = Z ?]ﬁ(W)IdC(V + ?) and Py =V, x I, (8.4)
n=—oo
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Figure 8.2: Diagram showing the flow of the method used to recover the 7,,, and
index n;.

respectively, where J, is the n'" order Bessel function of the first kind and V;p
the voltage across the junction. We have used impedance recovery described in
Section 3.4.3 of Chapter 3 to find Vi, assuming that the heating effect is negligible.
This is a justified assumption, since only part of the first photon step region away

from Vg, is used for impedance recovery. Recall that I, is given by

1

R /jo N(E)N(E —eVy)[f(E —eVy) — f(E)IE, (8.5)

Idc =

where Ry is the junction normal state resistance, f(E) is the Fermi-Dirac distribu-

tion function and N(E) describes the density of states. Note that both functions,
E - E

f(E) = {exp (k T ) +1} and N(E) =

——=————, are explicit functions of the
EZ — A%(T,)
electron temperature.

We start our formulation with an initial guess of 7,,, and index n;, and make use
of both equations in 8.4 to give P;,; in Equation 8.1. By substituting Equation 8.2 and
Equation 8.3 into Equation 8.1, we can then solve for T,. The new gap voltage A is
then numerically re-computed using the standard temperature dependent expression,

VE2+ A2> dE (8.6)

1 hu 1
[ _L_tann (1
N(EF)V  Jo E2+A? 2kpT,

where V is the attractive potential, and 7v, is the Debye frequency.
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Since all the junction parameters found using SuperMix are normalised to the gap
voltage, the theoretical current calculated using the recovered LO power and embed-

V.
ding impedance must be multiplied with the gap current given as %. This entire

N
simulation procedure, given as a flow chart in Figure 8.2, was repeated throughout
the whole range of bias voltages. The generated IV curve was then compared to the
measured curve, and both 7,,, and index n; were optimised simultaneously until both

theoretical and measured curves were matched. The following summarises the steps

involved:

Step 1: From the experimental pumped and unpumped IV curves, recover the junction

embedding impedance and the LO power.
Step 2: Start from V), = 0, find the power dissipated in the junction.

Step 3: Using the heat balance equation and the initial guess value of 7,,;, and index

n;i, find the effective electron temperature.
Step 4: Find the new gap voltage with the effective electron temperature.
Step 5: Use the SuperMix model to recalculate the current.
Step 6: Repeat step 2-5 throughout the whole range of bias voltages.
Step 7: Compare the simulated IV curve with the measured IV curve.

Step 8: Optimised 7., and index n;, and repeat step 2-8 until both curves are

matched.
8.1.2 Results and discussion

We shall now show an example of using the method described above to deduce
the electron-phonon interaction time of niobium from the pumped IV curve of our
Nb-AlO4-Nb SIS junction. We shall use the IV response with the highest pumping
level shown in Figure 8.1 (a), and try to match this with the theoretically generated IV
curve, paying particular attention to the agreement of the calculated Vg, compared to

the measured one.

Figure 8.1 (b) shows the theoretical IV curves calculated using embedding paramet-

ers recovered by the SuperMix model with and without the heating effect. Without
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using the heating parameters in the calculation, one notice immediately that the
generated IV curve has a Vg, higher by about 0.1 mV than the measured value. After
optimising for 7,,; = 7.8 ns and index n; = 4, this Vg, discrepancy between the
calculated and the measured Vg,, becomes much smaller. This leads us directly to the
recovered value of 7., that we were seeking in the first instance, in conjunction with
the index n;. This recovered 7,,;, = 7.8 ns is in fact rather consistent with the values
measured for niobium with different thickness reported in the literature (Gershenzon
et al., 1990; Prober, 1993; Dieleman et al., 1996; Aratjo et al., 2000), which are mostly

in the few ns range.

The glitch in the heated curve near the knee of the gap voltage is probably due to
the electron temperature being calculated without the rounding of the gap voltage
in Equation 8.6. This can potentially be corrected by incorporating the imaginary
lifetime-broadening parameter (I') in the density of states equation (Dynes et al., 1978;
Mitrovi¢ & Rozema, 2008). Unfortunately, the value of this parameter for niobium
is difficult to obtain from the literature. The same sudden step change is also seen
in Figure 8.3 (a), where T,, gap voltage and power across the junction are plotted
as a function of bias voltage. In this figure, one can also clearly see that the power
(Pyf + Pyc) coupled to the junction is in fact a function of the bias voltage. The effective

electron temperature thus rises slowly with the bias voltage, resulting in the gradual
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Figure 8.3: (a) The heating power coupled to the junction as a function of bias
voltage. Shown together are the junction temperature and the gap voltage change
corresponding to the bias voltage. (b) Contour of the error surface with different guess
value of 7,,;, and index n;.
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suppression of the gap.

Figure 8.3 (b) shows the error surface contour of different trial values of n; and T,
It is obvious from the figure that changes in #; had little effect on the error surface
function. In other words, the index ; is not as significant as 7,y in determining the
efficiency of heat transfer process. This can easily be explained if we assume the

difference between T, and T, is small compared to either T, or T}, in Equation 8.1 and

" _ Tn
8.2. The term (eTnlb> can then be approximated as T, — Tj, without the index n;,
n e
giving
Ce
Ptotal = 77’””(7-'6 - Tb)/ (8-7)
Teph

which depend only on the effective electron temperature and the electron-phonon

interaction time Ty,

It should be noted that heating parameters can also be recovered solely from the
unpumped IV curve. A procedure similar to the one described above can be employed,
with the junction model replaced by a modified temperature dependence polynomial
equation and Py, now consist of only the P;. component. The results obtained with
this method can be compared with those obtained using the pumped IV curve to give

better constraints on the heating parameters recovered.
8.2 JOSEPHSON EFFECTS ON THE SENSITIVITY OF AN SIS MIXER

In normal mixer operation, the mixer is biased at a voltage point that is clearly distant
from a Shapiro step point. At frequencies approaching the gap however, this becomes
difficult to achieve. To explain this, consider the curve in Figure 8.4 (a) where we
have measured the pumped and unpumped IV curves of an SIS mixer irradiated
with a 634 GHz LO signal. The Cooper pair nonlinearities (Shapiro steps) and the
quasiparticle nonlinearities (photon steps) are clearly seen in the pumped curve. The
steps labelled as S, are the Shapiro steps and they are labelled sequentially as they
appear above the DC Josephson nonlinearity at 0 V. As stated in Section 3.3.1 in
Chapter 3, they are separated in voltage by Zlg) (1.31 mV at 634 GHz), the energy of
the photon divided by the charge of the carrier. The quasiparticles steps are labelled

h
as Q, and are numbered sequentially away from V. Their spacing in voltage is ?U
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Figure 8.4: (a) IV curve showing the step wrapping, the Shapiro steps and the photon
steps at 634 GHz.(b) Calculated noise temperature using the hot and cold load IF
curves.

(2.62 mV at 634 GHz), twice as large as Shapiro step spacing since the quasiparticle
carrier charge is half of that of the Cooper pair. When operating at 634 GHz, there is

only one quasiparticle step and two Shapiro steps below V.

The Cooper pair current is very sensitive to magnetic field strength, whereas the
quasiparticle current is less influenced by it. Hence, in normal operation, a magnetic
tield is applied to control the amplitude of the Cooper pair tunnelling. The existence
of a step in the pumped IV curve shown in Figure 8.4 (a) at 2.2 mV reflects the
wrapping of the second photon step from the negative to the positive side of the IV
curve. This effect would be less noticeable if the LO power was insufficient to excite
the negative higher-order photon steps, and at frequencies significantly lower than
the gap frequency wg,p, as the negative higher-order photon steps would remain at
the opposite voltage region. Clearly, the best noise temperature values are obtained
at bias voltage across the first photon step region, which can also clearly be seen
from Figure 8.4 (b). However, the step wrapping effect becomes more restrictive as
the operating frequency approaches or above wgq,. The negative second photon step
would become entirely coincident with the positive first photon step, reducing the
unsuppressed first positive photon step region to a negligible width. Moreover, a
Shapiro step would occupy the centre of this narrow region making it even harder to
obtain a clean measurement on the first photon step without degrading the mixer by

the application of a strong magnetic field.
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8.2.1 Josephson current enhancing SIS mixer performance

In an ideal SIS mixer, the Josephson current is fully suppressed by the external
magnetic field. In that case, the best performance of the SIS mixer is obtained at DC
bias points near the Vg, on the first photon step. Figure 8.4 however shows that the
Josephson features cannot easily be fully suppressed and unexpectedly, we notice that
the noise temperature measured near the first Shapiro step (S1) is actually better than
at bias points near V. It is not completely clear to us if this reflects a truly improved
sensitivity of the mixer but if this is indeed the case, the enhanced sensitivity could be
attributed to the incomplete suppression of Josephson current, which under carefully

chosen conditions enhances the mixing performance (Tan & Yassin, 2011a).

We further measured the noise temperature at bias point near S; and near V),
across the designated waveband of the mixer, from 600-700 GHz. As shown in
Figure 8.5, the improvement in noise temperature measured near S; is obvious,
except at the lower frequency end where the non-wrapped first photon step is readily

available for a good noise temperature measurement.

This behaviour of enhancing mixing performance near S; seems to indicate that
the tunnel junction is now behaving as a dual-charge-carrier mixer where the SIS
mixer is working in parallel with a Josephson mixer, in which both are operating at

their optimum biasing point. The mixing is now occurring through both Cooper pair
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and quasiparticle tunnelling. If the Josephson mixer could be removed completely
by suppressing pair tunnelling and the noise temperature of the SIS mixer could be
measured at the unwrapped first photon step, the operation of a single SIS mixer is
certainly superior. If on the other hand, Josephson tunnelling could not be completely
suppressed, it will inevitably contribute to the receiver noise. In that case, optimising
the pair tunnelling signal can improve the SIS mixer’s performance, in particular

relative to the noise temperature measured at the wrapped photon step region.

It is worthwhile noting that effects similar to this behaviour have been reported
previously (Vystavkin et al., 1994; Wengler et al., 1992). Vystavkin et al. (1994) noticed
that the mixer conversion gain measured using the hot and cold load technique
was highest near the Shapiro step regions. They confirmed their observation by
replacing the Y-factor measurement with direct injection of two LO signals into the
tunnel junction to perform a coherent measurement. However, Wengler et al. (1992)
argued that the Y-factor measurement in this case is misleading and the Josephson
pair tunnelling should always be suppressed. They attributed this to the nonlinear
response of the SIS mixer to the blackbody illuminating it, where the SIS mixer is
acting as a noise source in which the magnitude of the generated noise increase with
the temperature of the blackbody. They have also supported their claim using similar
coherent measurements. Hence, we believe that we could resolve this ambiguity if
the experiment is repeated using a gas cell to measure the Y-factor noise temperature
from a spectral line, rather than the incoherent broad continuum radiation from a

blackbody load.

8.3 SUMMARY

In this chapter, we have presented two effects related to the behaviour of an SIS
mixer near its superconducting gap. The first effect is related to the heating of SIS
junction with LO power. Here, we constructed a simple model to measure the electron-
phonon interacting time of a superconductor by recovering the change in the electron
temperature from the experimentally pumped IV curve. Our results show that in our

system, the heat transfer equation does not depend on the index ;.
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The second effect is the apparent enhancement of the measured gain of an SIS
mixer operating near the superconducting gap, when the Y-factor was measured
near a Shapiro step. This observation was noted when it was difficult to suppress
the Josephson effect completely and when step wrapping combined with Josephson

features did not allow measurement of the Y-factor on the first photon step.
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GENERATION OF LOCAL OSCILLATOR SIGNAL VIA

PHOTOMIXING

Overview: This chapter investigates the possibility of down-converting the output of
two commercially available infrared lasers to generate a local oscillator (LO) signal at
sub-mm wavelengths, for working in conjunction with balanced SIS mixers. The main
motivation here is to utilise the ability of a balanced mixer to reject the LO amplitude
noise, which may prevent the use of a photonically generated LO signal as part of
a heterodyne receiver system. In the first part of this chapter, we shall introduce
the principle of photomixing for generating LO signals, and report on the successful
operation of using the photonic LO to pump a 230 GHz single-ended SIS mixer. We
will then describe an attempt for locking the two lasers to produce a stabilised LO

output.

9.1 INTRODUCTION

The local oscillator source is a major component in a heterodyne receiver system. For
radio/sub-mm astronomy applications, low frequency LOs are generally commer-
cially available. They are mainly based on yttrium iron garnet (YIG) or Gunn effect
electronics with waveguide resonant cavity, or direct up-converting a low frequency

synthesiser signal via chains of frequency multipliers. Conventionally, these solid-state

156
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LO source can generate power up to a few hundred GHz, but for application at the
higher end of sub-mm spectrum up to 1 THz, several stages of frequency multipliers
are required. In the frequency regime above several THz, quantum cascade or mo-
lecular vapour lasers are normally the preferred choice. The major drawback of the
multiplied LO generation methods is often the low power output at high frequencies
end, especially approaching THz regime, and the enhancement of phase noise (or line
width in spectroscopic term) due to the frequency multiplier chain. They may also
be rather complicated with mechanically variable tuners, and have limited operating

bandwidths.

9.1.1  Optical heterodyning

Generating a sub-THz signal via beating two infrared lasers in a photodiode or
photoconductor has been studied for over a decade (e.g., Brown et al., 1993). But only
recently, when this method has been deployed to provide a stable sub-THz synthesiser
signal for the phase locking of several receivers in ALMA, has it excited interest

among sub-mm astronomers to explore the use of photonic source as an LO.

The main advantages of photonically generated LO sources are the low attenuation
of optical fibres and the wide bandwidth operation. In addition, the technology
offers the potential to deliver a compact and lightweight LO source. This is especially
important for an interferometer, such as ALMA, where all the lasers driving sub-
systems can be centralised at location remote from the individual antenna, and only
biasing electronics and photomixers are required near the receivers. The signal from
the lasers can easily be distributed via networks of low-loss optical fibres. For example,
this architecture had been proposed for the Millimeter Array (MMA, precursor of
ALMA) to generate photonic LO source from 30 GHz to approximately 900 GHz
(Payne et al., 1998).

The principle of down-converting optical signals to produce GHz waves is similar
to the operation of an SIS junction as a mixer. Coherent waves from two infrared
lasers, oscillating at a slightly different frequencies, are combined through an optical

coupler, and fed into a photodiode or photoconductor which acts as a photomixer,
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to produce difference frequencies that are in the sub-THz range. Normally the line
width of the lasers is excellent, with a high side mode suppression ratio, so that the
photomixer only generates a single tone. This is an advantage over multiplied sources,
where it is difficult to eliminate unwanted harmonics. Waveguide filters are in theory
feasible, but they are difficult to make and may be ineffective if the multiplier needs
a reasonable tuning bandwidth. Infrared lasers are generally tuneable by a small
fraction of their centre wavelength via varying temperature and drive current. Since
the down conversion is so large, typically from A =~ 1 ym to A = 1 mm, this results in
a tuning range in the LO signal of typically several hundred GHz. The challenge is

thus to design an efficient and broadband photomixer.

Generating LO signal at millimetre and sub-mm wavelengths has been attempted
and reported successfully by various groups (Verghese et al., 1999; Matsuura et al.,
2000; Takano et al., 2003; Kimberk et al., 2006). Nevertheless, to achieve comparable
performance to the existing frequency multiplied diode oscillator technology, the
amplitude noise from the photonic LO should be stable to at least 1 dB with the line
width (or phase noise) around a few kHz. This amplitude noise and phase noise
depend largely on the quality of the laser source. Narrowing the laser lines, and
reducing the drifting in laser wavelengths caused by environmental effects, such as
thermal variations, also needs to be achieved by using frequency or phase locking

schemes.

9.2 GENERATION OF LOCAL OSCILLATOR SIGNAL

The advantage of using a photonic LO source with a balanced SIS mixer is that
some of the requirements listed above can be relaxed, since a balanced mixer has the
ability to reject the sideband noise from the LO. Depending on the application, some
astronomical instruments might not require the ultra narrow line widths needed for
interferometry, such as wide band, low resolution spectroscopy. For example, HARP-B
instrument on the James Clerk Maxwell Telescope (JCMT) has a back-end resolution
of about 500 kHz, limited by the spectrometers, and a photonic LO source with a

balanced SIS mixer should in principle be able to produce LO signal with a phase
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noise less than this resolution. The only additional scheme needed is the frequency or
phase locking technique to ensure that the LO frequency stays stable throughout the

instrument operation.

Our objective (in collaboration with the Millimetre Technology (MMT) Group from
the STFC Rutherford Appleton Laboratory) was to demonstrate the feasibility of using
a photonic LO source with a 230 GHz SIS mixer. This will serve as the first step,
towards building up a future experimental setup for deploying the system to work
with the 700 GHz balanced SIS mixers reported in Chapter 6. In the following sections,
we shall briefly describe several key components and steps in the development of the

photonic LO system assembled for this purpose.

9.2.1 Photomixer and system setup

A critical component of a photonic LO system is the photomixer, and the MMT Group
has considerable expertise in this area. For example, they currently have responsibility
for delivering photomixers for the ALMA observatory. They have demonstrated
previously a 75-170 GHz photomixing source by beating two commercially avail-
able 1.55 ym communication lasers using an InGaAsP (Indium-Gallium-Arsenide-
Phosphide) photodiode. The group has also investigated the possibility of extending
the system up to 600 GHz (Huggard et al., 2002a,b) and a similar system operating
cryogenically at 77 K had also been used as an LO for a linear receiver array (Fontana

et al., 2007).

Figure 9.1 (a) and (b) show the current system setup and the internal construction
of a photomixer block. Near-infrared light from two lasers combined within an optical
tibre coupler enters the photomixer block along a single mode optical fibre, shown at
the right side of Figure 9.1 (a). An adjustable stage was used to bring the cleaved fibre
end to within a few tens of ym of the input facet of the photodiode chip. Light is then
conveyed to the 5 ym x20 ym photodiode by means of a rib waveguide. The fibre was
held in a ferrule which was fixed by epoxy resin to the block, where the photodiode

was supported on a 200 ym thick InP (Indium-Phosphide) chip.

The photodiode sub-mm wave output was transmitted via a planar gold trans-



9.2 GENERATION OF LOCAL OSCILLATOR SIGNAL 160

_— FLl‘(O FLNP
~— FLKO DL
.10 F —— FLNP DL
T
g
= a0 D\
2 N
g N
< N —
5 \
o -50 Py \\
-60 RN
L
-~ .

70

80 100 120 140 160 180 200 220
Frequency (GHz)

(d)

Figure 9.1: (a) Internal structure of a photomixer block. (b) System setup consisting
two distributed feedback (DFB) diode lasers generating a GHz frequency source. (c)
An NP Photonic fibre laser enclosed together with a DFB diode laser. (d) The output
power of the photomixer plotted against the down-converted frequencies.

mission line at the end of the InP chip. The transmission line was connected to a
gold-on-quartz probe, which extended across the WR-10 output waveguide. Bias
voltage for the device was applied from the opposite end of the block through an RF
choke deposited on the 200 ym thick quartz substrate. This bottom split block was
capped with a top half of the block through which the WR-10 waveguide continues.
This capped block is provided with a sliding backshort that provides means for adjust-
ing the embedding impedance presented to the photodiode and therefore optimising

the power transfer.

The photomixer itself was capable of delivering an output of about 100 yW, with
an input power of about 10 mW. However, the power output is largely frequency de-
pendent. This particular setup was designed to operate within W-band (75-110 GHz),
but the output power is still detectable up to about 625 GHz (Huggard et al., 2002a).
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The power output depends approximately as the inverse fourth power of frequency.
This is a combination of two inverse square dependencies, one due to photodiode

capacitance, and the second due to carrier transit times in the device.
9.2.2 Infrared lasers

There are two main types of laser suitable for constructing a compact photonic LO
system using the photodiodes described above: distributed feedback (DFB) diode
lasers and fibre lasers. Diode lasers are the cheaper option among the two, and
they are easy to operate and have wide tuning ranges. However, they tend to have
broad emission line widths, generally in the MHz range, due to the phase fluctuation
intrinsic to the diode itself. In some circumstances, this type of laser can be servo-
locked to an external ultra-high finesse Fabry-Perot cavity to narrow down the line
width. The tuning of the diode laser wavelengths is normally achieved by varying

their temperature and/or laser driving current, for coarse and fine tuning respectively.

Fibre lasers, on the other hand, offer narrow line width operation at some tens of
kHz, but they have limited adjustability which results in narrow tuning ranges. They
normally make use of a piezo-electric transducer to stretch the optical fibre for fine
frequency tuning, while the coarse frequency adjustment can be done through the

thermal contraction/expansion of the cavity i.e., the fibre length.

Table 9.1 and Figure 9.2 show the specifications of the several infrared lasers we
acquired for constructing a new photonic LO system, alongside the tuning range
available from these lasers. The two fibre lasers were a Koheras BASIK " module and

an NP Photonics Erbium Micro Fiber Laser module, while the diode laser was from

Table 9.1: Specification of the three infrared lasers we acquired. Here the lasers central
wavelength is denoted A, the maximum and minimum tunable wavelength is given
as Ay and Ayey, and the tunable frequency range is denoted as Af.

’ Laser ‘ Ac (nm) ‘ Amin (M) ‘ Amax (M) ‘ Af (GHz) ‘

Diode Laser 1550.000 | 1548.500 | 1551.500 375.0

Fibre Laser (Koheras) 1550.207 | 1550.081 | 1550.333 30.0

Fibre Laser (NP Photonic) | 1548.174 | 1548.630 | 1547.718 135.4
Piezo tuning 1548.174 | 1548.400 | 1548.430 3.0
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Figure 9.2: Diagram showing the centre frequency and the tuning range of the three
lasers.

Eblana Photonics, a 1550 nm narrow line width laser.

As can be seen in Table 9.2, with different combination of lasers, we could cover
the difference frequency range from about 25 GHz up until about 480 GHz. We thus
performed a preliminary test using the W-band photomixer described above to check
the available output power by down-mixing the beating tones of various two laser
combinations. The similar output power dependence on frequency as reported before
is clearly seen in Figure 9.1 (d). The down-converted line has a typical peak power in
the range of —50 to —30 dBm, but the line width varies depending on the lasers used.
In general, beating two fibre lasers with a photomixer results in a slightly narrower
down-converted line width, compared to combinations using a diode laser. The latter
options typically had about 4x broader line width at ~2 MHz, while the fibre lasers
could produce ~ 500 kHz line width signals. Without any locking scheme, the output
signal also tended to jitter around the tuned frequency by about 3 MHz, and we also

observed a slower long term drifting due mainly to thermal effects.

Table 9.2: Table showing the range of down-converted GHz signals made by beating
two different lasers. The full-width half-maximum frequency FWHM and the peak
power Pyeq quoted here were measured at the fmeas frequency.

‘ Laser combination ‘ A fin (GHz) ‘ A frax (GHz) ‘ FWHM (MHz) ‘ Pyear (dBm) ‘ fmeas (GHZ) ‘
FLKO + FLNP 175.0 340.0 ~0.5 -52 172.4
FLKO + DL 25.0 480.0 ~2 -35 100.17
FLNP + DL 140.0 230.0 ~2 -30 103.25
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Figure 9.3: (a) Beat note from a narrow line fibre laser and a narrow line diode laser.
The factory specification of line width is about 10 kHz, however the spectrum of the
down-converted signal shows additional noise from the laser power supply. (b) The
pumped and unpumped IV curve of a 230 GHz SIS mixer illuminated with a photonic
LO source.

Figure 9.3 (a) shows an example of the down-converted output from beating two
diode lasers together with the W-band photomixer. One sees immediately the typically
~2 MHz line width down-converted signal from the diode lasers. But this GHz tone
was affected by a noise characterised by the current supply that drove the diode lasers.
A shoulder of about 6 MHz width is clearly seen on both sides of the main tone, at
about 20 dB below the peak of the main tone. Nevertheless, by replacing the main
AC driven current supply with a battery powered lower noise diode laser supply, we
did successfully generate a cleaner down-converted RF without any additional noise

feature.
9.2.3 Pumping an SIS mixer with a photonic LO source

Using the photonic LO system described above, we successfully pumped a 230 GHz SIS
mixer on an initial trial. The IV response from the SIS device is shown in Figure 9.3 (b).
As clearly seen, we managed to pump the device to a reasonable level for normal SIS
receiver operation. In this particular experiment, the LO power was coupled directly
to the SIS mixer through free-space optics, without the use of any beam splitter. But
considering the photomixer and the housing WR-10 waveguide block were optimised

for W-band operation, we could optimistically expect a 3—4 fold improvement in the
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power output from the photonic LO system, if the photomixer were to be replaced
by one that is optimised specifically for 230 GHz operation. In fact, the MMT group
have already demonstrated a 230 GHz photomixer with output powers in the 10 yW

region.

9.3 FREQUENCY STABILISATION SCHEMES

As mentioned before, the down-converted GHz signal from beating two infrared lasers
results in typical line widths of several hundred kHz to several MHz. The effect of
the slightly larger phase noise could be minimised if the LO were to be used with a
balanced SIS mixer. However, it is preferable that the fast jittering and slow drifting
of the down-converted signal can be eliminated to enable use with single-ended
mixers. There are various ways of achieving good stabilisation, and the most common

approach is via frequency or phase locking electronics.

In principle, a frequency/phase locking loop adjusts the tuning of one of the two
infrared lasers, to compensate for any offset from the output signal away from the
desirable frequency/phase. As shown in Figure 9.4, a small output signal from the
photomixer is tapped out to feed into a harmonic mixer for down-converting the GHz
output signal into the MHz range. This MHz signal is then compared with a reference
source from a stable synthesiser via frequency/phase error detector electronics. This
generates an error signal that is then used to correct one of the laser frequencies via a
transducer. Depending on the type of laser to be adjusted, different transducers are
available. For example, for stabilisation of a fibre laser, a piezoelectric transducer can
be used to fine tune the frequency to counter-balance the drift of output GHz signal.
This method is relatively simple, but is limited in bandwidth to tens of kHz by the

piezo-transducer.

We had tried several approaches previously for stabilising the down-converted
output from the two fibre lasers. First, we combined the Phase Matrix 588C frequency
counter to down-convert the GHz signal to IF and used a Phase Matrix 578B module
for source locking. Unfortunately, this combination of modules had very limited

efficiency at frequencies higher than 170 GHz. Secondly, we approached the problem
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Figure 9.4: Graphical description of phase-locking two lasers.

using an amplitude modulator to introduce sidebands on a laser line. The idea here is
to lock the MHz tone created by beating a high order sideband with the other laser.
Unfortunately, due to the limited modulating efficiency of the modulator unit, the
optical power in the sideband was again too low to generate a difference signal that

the locking electronics could detect.

Finally, we chose to use an XL Microwave 800A Gunn Phase Lock Module to replace
the Phase Matrix source locking frequency counter modules. In the first instance, we
down-converted a signal at ~180 GHz from the photomixer using a harmonic mixer
fed through a diplexer. The harmonic mixer generated the difference between the
180 GHz signal and a multiple of the LO signal from a 20 GHz synthesiser. The beat
signal at around 200 MHz was used for locking by the XL 800A module. With this
setup, we successfully generated the IF signal in the MHz range, but unfortunately the
signal was too weak to be detected by the XL 800A module, as the power output from

the W-band photomixer and the harmonic mixers was limited at these frequencies.

To improve the situation, we replaced one of the fibre lasers with a DFB diode laser
to achieve a wider tuning frequency range in the expense of broader line width output.
The main reason for this alteration is that the XL Microwave 800A Gunn Phase Lock
Module and the subsequent system components were mostly optimised for lower
frequency operation. We thus re-ran the system for a 90 GHz down-conversion signal,
and the XL 800A module successfully detected the IF signal. Unfortunately, due to
the very narrow locking range of the XL 800A (approximately 1 MHz), and the wide
line width from the diode laser, this phase-lock module was unable to locate and thus

phase-lock the source.
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In order to circumvent the narrow locking range problem, we replaced the XL
Microwave 800A Gunn Phase Lock Module with a newly purchased TOPTICA
mFALC 110 proportional-integral-derivative (PID) controller module, which is a
flexible wide bandwidth analog phase locking module. This is capable of taking in
an RF input signal and providing an error correction within a 100 MHz bandwidth.
In order to better understand this module, we decided to skip the entire GHz down-
mixing chain temporarily. Instead, we beat the DFB diode laser with the fibre laser
at an offset of around 100 MHz using a 1 GHz bandwidth photodiode. This enabled
us to test and understand the working principle of the mFALC 110. With this simple
setup, we finally managed to frequency stabilise the down-converted GHz signal to
the kHz range. This demonstrates the ability of the new module to detect the broad
down-converted signal and stabilise it, which is only a step away from phase-locking
the lasers. To our understanding, to achieve further phase locking, we need to connect
the output of the mFALC module directly to the photodiode, instead of via the current
supply that drives the diode laser. This will enable the full bandwidth of the error
signal to be applied to the source. Unfortunately, due to the time constraints, this

upgrade has yet to be completed at the time of writing.

9.4 SUMMARY

In this chapter, we have concentrated on the photonic method of generating a local
oscillator signal at sub-THz frequency range, for work with a balanced SIS mixer. This
LO signal is created by beating the output tones from two infrared lasers using a
photodiode as a mixer to generate a GHz down-converted signal. We have successfully
setup an initial system for characterising the down-converted output signals, using
different combinations of lasers. We also managed to pump an SIS mixer at 230 GHz
using the system, thus demonstrating the feasibility of using such an LO system in

conjunction with an SIS receiver.

For stabilising the output of the photonic LO, we managed to frequency-lock the
lasers for a stable frequency operation, although the system is not yet in a packaged

final delivery form. Even though a frequency stabilised operation is sufficient for
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the operation of a balanced SIS mixer, we believe a phase-locked signal from the
current photonic LO system could be achieved with a custom designed photomixer
module and a transducer circuit for delivering the error signal from the mFALC 110

phase-locking module to drive the fibre laser directly.
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CO (3-2) OBSERVATIONS OF NGC 2976 AND NGC 3351

Overview: In this chapter, we present 2CO J=3—2 maps of NGC 2976 and NGC 3351
obtained using the James Clerk Maxwell Telescope (JCMT), both early targets of the
JCMT Nearby Galaxy Legacy Survey (NGLS). We combine the present data with the
12CO J=1—0 data to derive >CO line ratios and find that the spatial distribution of
the line ratio correlates more closely with the 2?CO J=3—2 line strength compared
to 12CO J=1—0. Using a generic line ratio of 0.6, a typical line ratio for Galactic and
extragalactic Giant Molecular Cloud (GMC), we calculate a total dense molecular gas
mass (Mp,) for both galaxies. We compare these results with the My, derived using
the galaxy average line ratio and a theoretically derived CO(3—2)-to-H; conversion
factor. Using the neutral atomic hydrogen (Hi) data from the THINGS (The Hr Nearby
Galaxy Survey) survey, we investigate the correlation between Hr and H; with star
formation rate density (SFRD). We find that the agreement between the relation of
Hi + H; with SFRD between the two galaxies is better compared to the relation with
H, gas mass alone. Finally, we compare the >?CO J=3—2 intensity with the PAH 8 yum
surface brightness. The results suggest that the correlation is good in the high surface
brightness regions. We extend this study to include 25 galaxies within the NGLS
sample and find a tight correlation at large spatial scales, as both PAH 8 ym and

12CQ J=3—2 are likely to originate in the proximate site of active star formation.

168
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10.1 INTRODUCTION

Observations of molecular gas are essential for understanding the role of star formation
in the evolution of galaxies. However molecular hydrogen (H;), a major constituent of
the interstellar medium (ISM), lacks a permanent electric dipole moment, making it
difficult to observe directly in external galaxies. In contrast, carbon monoxide (CO)
rotational lines, a very convenient tracer of molecular hydrogen, can be observed

easily from the ground.

Many extra-galactic surveys of low rotational transitions (low-J) of CO have been
conducted and reported before (e.g., Sage, 1993; Braine et al., 1993; Young et al., 1995;
Elfhag et al., 1996; Meier et al., 2001; Albrecht et al., 2004; Israel, 2005). Most of
these surveys are single pointing observations using single-dish telescopes with large
beam sizes, leading to a rather limited understanding of the spatial distribution of
the molecular gas within individual galaxies. High angular resolution interferometric
surveys have also been conducted (e.g., Sakamoto et al., 1999; Regan et al., 2001;
Helfer et al., 2003) to study the smaller scale structure, but these surveys have been
mostly constrained to the central regions of the galaxies due to the limited field size.
This often results in incomplete mapping of nearby galaxies which are larger than
the interferometer’s restricted field of view. Multiple pointing data from single-dish
telescopes are available, but usually only with a few pointings along the major and
minor axes, rather than fully sampled maps. A new generation of high-sensitivity
multi-pixel array receivers mounted on single-dish telescopes are now providing much
faster mapping speeds, and are thus very efficient at mapping complex structures
in the ISM across entire galactic disks. Two surveys using this type of focal plane
array receivers were carried out, one by Leroy et al. (2009) using HERA (Heterodyne
Receiver Array) on the IRAM (Institut de Radio Astronomie Millimétrique) 30 m
telescope to map 12CO J=2—1 and another by Kuno et al. (2007) using BEARS (Beam
Array Receiver System) on NRO (Nobeyama Radio Observatory) to map 2CO J=1—0,

in nearby galaxies.

The Nearby Galaxy Legacy Survey (NGLS) (Wilson et al., 2009, 2012) uses the James
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Clerk Maxwell Telescope (JCMT) to map '2CO J=3—2 emission from nearby galaxies.
The 12CO J=3—2 transition traces the warmer and denser regions of the molecular
gas and may be more directly correlated with star forming regions (Wilson et al.,
2009, and references therein) compared to the lower transitions, such as 12?CO J=1—0
which traces more diffuse gas. The entire JCMT NGLS sample consists of 155 nearby
galaxies, each with spectral line observations at 345 GHz, and continuum observations
at 450 ym and 850 ym. The spectral line observations were made with the HARP-B
(Heterodyne Array Receivers Program for B-band) receiver (Smith et al., 2003), whereas
the continuum observations will be made with the recently commissioned SCUBA-
2 (Submillimetre Common User Bolometer Array 2) camera (Robson & Holland,
2007). The NGLS sample includes 47 Spitzer Infrared Nearby Galaxies Survey (SINGS)
galaxies (Kennicutt et al., 2003) and 108 randomly selected galaxies from a Hi flux-
limited sample, 36 from the Virgo cluster and 72 field galaxies. The distances of all
selected galaxies are limited to within 25 Mpc so that the resolved spatial scales are
small enough (between 0.2-2 kpc) to study the physics of the interstellar molecular
gas and dust content. So far, the survey has completed the HARP-B 2CO J=3—2
observations for all the galaxies in the survey. The final phase of the survey will be

the SCUBA-2 dust continuum observations for the entire sample.

NGC 2976 and NGC 3351 are two galaxies both observed near the beginning of
the NGLS survey. The two galaxies offer an interesting contrast in both morphology
and likely star formation activity. NGC 2976 is a dwarf galaxy on the outskirts of
the M81 group in a weak tidal interaction with the group (Appleton et al., 1981; Yun,
1999); whereas NGC 3351 is a starburst galaxy with ring structures (Colina et al., 1997;
Elmegreen et al., 1997; Swartz et al., 2006; Hégele et al., 2007). NGC 2976 has mostly
an older stellar population and the galaxy is thought to be at the end of an episode
of star formation. However, there are indications (Williams et al., 2010) that there
are still sites of intense star formation within the inner disk, fuelled by molecular
hydrogens as they funnelled from the outer disk after the recent interaction with
the tidal stream from M81. On the other hand, NGC 3351 has mainly a very young

starburst population. It is thus interesting to understand the effect of such different
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environments on the behaviour and physical conditions of the molecular component

of the ISM within these two galaxies.

Using the improved spatial resolution of the NGLS 2CO J=3—2 survey, we can
resolve the sites with warmer, denser molecular hydrogen which often coincide with
sites of intense star formation activity, and investigate the correlation of this observable
with other components of the ISM observed in different wavebands. The ratio between
the higher-J 12CO J=3—2 transition and the commonly observed 12CO J=1—0 allows
us to constrain the physical gas conditions. By comparing this spatially resolved line
ratio with various line ratios obtained from the literature, normally averaged over a
larger beam area within the galaxy, we can study the effect of spatial resolution on
the variation of the line ratio distribution within the galactic disc. Using the galaxy
disc-averaged ratio, we also investigate the derived molecular gas mass and study its
relation to the star formation rate density (SFRD), in conjunction with data providing

the neutral atomic hydrogen (Hr) gas mass.

One of the scientific motivations of the NGLS is to understand the relationship
between dust and gas within nearby galaxies. Globally integrated mid-infrared line
emission from Polycyclic-Aromatic-Hydrocarbons (PAHs) is often used as an indicator
of star formation (Zhu et al., 2008; Kennicutt et al., 2009) and is associated with
continuum emission from the cold dust (Haas et al., 2002; Bendo et al., 2008). Results
from SINGS, a comprehensive infrared imaging and spectroscopic survey of 75 nearby
galaxies using the Spitzer Space Telescope (hereinafter Spitzer) indicate that the relation
of PAHs and star formation holds true to spatial scales of greater than 1 kpc, although
the relation breaks down on smaller spatial scales (Calzetti et al., 2005; Bendo et al.,
2006; Calzetti et al., 2007; Prescott et al., 2007; Bendo et al., 2008; Kennicutt et al.,
2009; Zhu et al., 2008). On the other hand, Regan et al. (2006) and Bendo et al. (2010)
using radial average values, found that in nearby galaxies PAH emission and CO
spectral lines are closely correlated. The origin of this relation between the two
components remains unclear (e.g., Bendo et al., 2010). As the CO emission lines are
often associated with the gas reservoir involved in star formation, we investigate this

relation between PAH and CO spectral line strengths using SINGS and NGLS data, to
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further understand whether the two components may be linked through a common

excitation source, i.e. star forming activity.

In this chapter, we report the '2CO J=3—2 measurements of NGC 2976 and
NGC 3351, both targets of early HARP-B observations. We describe the basic prop-
erties of the two galaxies in Section 10.2. The details of the observations and data
reduction are presented in Section 10.3. We present our results and discussion in
Section 10.4 where we calculate 12CO J=3—2 to >?CO J=1—0 line ratios, derive the
molecular gas masses and study the correlation between the 12CO J=3—2 line emission

and emission from PAHs. Finally, we summarise our conclusions in Section 10.5.
10.2 TARGET GALAXIES

NGC 2976 is an SAc peculiar dwarf galaxy (de Vaucouleurs et al., 1995) in the M81
group. In the optical (Frei et al., 1996; Abazajian et al., 2009), it appears as a pure
disk system showing neither bulge nor bar. However, in many other wavebands
including Hi (Walter et al., 2008) and the 2co maps, shown in Figure 10.1, two
bright regions near the ends of the major axis (hereinafter the bright end regions) can
clearly be seen. Single-beam 2CO J=3—2 and '?CO J=2—1 data have been collected
by Israel (2005) using the JCMT and the 2CO J=1—0 emission has been mapped at
high resolution by Simon et al. (2003) using the BIMA (Berkeley-Illinois-Maryland
Association) interferometer. These observations, however, concentrate mainly on the
central region of the galaxy and the BIMA map only partially includes the bright
end regions. The NGLS '>CO J=3—2 maps cover a rectangular area corresponding to

Dy5/2, and are therefore wide enough to include both bright complexes.

NGC 3351 is an SB(r)b spiral galaxy (de Vaucouleurs et al., 1995; Sandage &
Tammann, 1987) displaying high-mass star formation in a 15.3" x 11.2” circumnuclear
ring (hereinafter the 15” ring) (Alloin & Nieto, 1982; Buta & Crocker, 1993; Colina
et al., 1997; Elmegreen et al., 1997) fuelled by gas accreted through a stellar bar (Swartz
et al., 2006). Most of the studies of NGC 3351 made so far concentrate on this bright
central region of the galaxy. However, the optical image (Frei et al., 1996, Abazajian

et al., 2009) shown in Figure 10.2 (a) shows a faint ring of ~ 2" diameter (hereinafter
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Table 10.1: General properties of NGC 2976 and NGC 3351 taken from the literature.
Reference for the distance to NGC 2976 is from Karachentsev et al. (2002) and for
NGC 3351 is from Freedman et al. (2001). The inclination angle is from de Blok et al.
(2008) and value of Dy5/2 from Buta et al. (2007).

General Properties NGC 2976 NGC 3351

Type SAc pec SB(r)b
R.A. (J2000) 09:47:15.6  10:43:58.0
Dec (J2000) +67:54:50  +11:42:15
Distance (Mpc) 3.56 9.33

Incl. angle 54° 39°
Dys/2 (') 29 x15 38 x22

the 2’ ring) encircling the bar, with signs of spiral arms extending from this ring
towards the outermost pseudo-ring feature (major axis diameter ~ 5.5, minor axis
~ 3.6') (Buta & Crocker, 1993). All these features are within the area covered by our

12CO J=3—2 map of NGC 3351 presented here.

The general properties of NGC 2976 and NGC 3351 taken from de Vaucouleurs

et al. (1995) (unless otherwise stated) are summarised in Table 10.1.
10.2.1 Archival Data

Both NGC 2976 and NGC 3351 are part of the SINGS survey (Kennicutt et al., 2003)
and have rich multi-wavelength ancillary data available. Although a number of 2CO
data sets at various transitions are available, most of these are single-beam data and
thus the comparison with our 2CO J=3—2 maps is challenging. For NGC 3351,
2CO J=1—0 maps are available from the single-dish Nobeyama Radio Observatory
(NRO) (Kuno et al., 2007)! and the BIMA Survey of Nearby Galaxies (SONG) (Helfer
et al., 2003). We used '>CO J=1—0 maps from NRO as these are single-dish data
and their beam size (15”) closely matches the 12CO J=3—2 beam size of HARP-B on
the JCMT. NGC 2976, however, was not included in the NRO survey. Hence, the
12CO J=1—0 map for NGC 2976 was retrieved only from the BIMA SONG survey?.
The Spitzer IRAC (Infrared Array Camera) 3.6 ym and 8 ym data and MIPS (Multiband

Imaging Photometer for Spitzer) 24 ym data used in this study were downloaded

http://www.nro.nao.ac. jp/nro4bmrt/Clatlas/
2http://nedwww.ipac.caltech.edu/level5/March02/SONG/SONG . html
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from the SINGS survey website®. The optical images for both galaxies were retrieved
from the seventh data release of the Sloan Digital Sky Survey (SDSS)*. The Hi images
were downloaded from The Hr Nearby Galaxy Survey (THINGS)® and the ultraviolet
(UV) images used to produce the SFR surface density images, in conjunction with
the 24 ym data, were retrieved from the Galaxy Evolution Explorer (GALEX) data

release®.
10.3 OBSERVATIONS & DATA REDUCTION

The 2CO J=3—2 (rest frequency 345.796 GHz) observations for NGC 2976 were carried
out over two nights between November 2007 and January 2008, while observations
for NGC 3351 took place over two observing runs in January 2008. The instrument
used was HARP-B which has 16 SIS heterodyne mixers arranged in a 4x4 array with
30" row and column separation. This corresponds to a 2’ square footprint on the sky.
HARP-B operates over a frequency range of 325-375 GHz and the average FWHM
(Full Width Half Maximum) beamwidth is 14.5”. The receiver operates with the
ACSIS (Auto-Correlation Spectrometer and Imaging System, Buckle et al., 2009) as
the back-end. The observations for both galaxies were made using a 1 GHz ACSIS
bandwidth with a spectral resolution of 0.488 MHz. The main beam efficiencies (#g)
used to convert the corrected antenna temperature (T}) to the main beam brightness
temperature (T,,;,) were determined from observations of bright planets. All data

presented in here were calibrated to the T,,; scale using 17y = 0.6.

Both NGC 2976 and NGC 3351 were raster scanned using a basket-weave technique
with half array steps (58.2”, Warren et al., 2010). This ensured that all of the area
within the target scan region, defined to include all of the optical galactic emission,
was fully sampled. These fully sampled maps were made repeatedly until the target
root-mean-square (RMS) noise of the combined scans (less than 19 mK at the T scale)
was achieved within a frequency bin of 20 km s~ resolution. The observational details

for each galaxy are summarised in Table 10.2.

Shttp://sings.stsci.edu/
*http://www.sdss.org/
Shttp://www.mpia.de/THINGS/Data.html
http://galex.stsci.edu/GR4/
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Table 10.2: Observation dates and parameters used in the observing runs for
NGC 2976 and NGC 3351.

Parameters NGC 2976 NGC 3351

Observing dates 25 Nov 2007 07 Jan 2008
06 Jan 2008 12 Jan 2008

Position angle (major axis) 143° 13°

Height of map 294" 348"

Width of map 210" 252"

Tsys 341 K 409 K

AT} 13.3 mK 16.2 mK

10.3.1 Data Reduction

The spectral data reduction and analysis was done mainly using the Starlink” soft-
ware packages (Jenness et al., 2009). We used KAPPA (Kernel Application Package)®
and SMUREF (Sub-Millimetre User Reduction Facility) applications within Starlink as
the main reduction tools. GAIA (Graphical Astronomy and Image Analysis Tool)
and SPLAT (Spectrum Analysis Tool) were used for analysis and visualisation pur-
poses. Data collected under the NGLS survey were processed primarily following
the steps outlined in Warren et al. (2010), with some modifications depending on the

characteristics of the individual galaxy and the quality of the observed data.

When comparing our 2CO J=3—2 data with the interferometric >CO J=1—0 data,
we convolved the 2CO J=1—0 data with a two-dimensional Gaussian profile, using
the KAPPA routine gausmooth °. This allowed the ?CO J=1—0 data to be matched
to the 14.5” HARP-B resolution (Bendo et al., 2010). For single pointing >CO J=1—0
data that have larger beam than 14.5”, we matched the 2CO J=3—2 to the larger beam

size.

The point spread function (PSF) of Spitzer images are highly non-Gaussian. We
thus created convolution kernels, following recipes from Gordon et al. (2008) and
Bendo et al. (2010), to match the PSFs to those of HARP-B. These kernels were created,

for each waveband, using the STinyTim!? package (Krist, 2002), and convolved with

7 Starlink is maintained by the Joint Astronomy Centre (JAC) (http://www.starlink.ac.uk).
8http://docs.jach.hawaii.edu/star/sun95.htx/sun95.html
9This step was skipped for NRO ?CO J=1—0 map because the beam size of NRO (15”) is very close
to the beam size of HARP-B.
Onttp://ssc.spitzer.caltech.edu/archanaly/contributed/browse.html
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the Spitzer images to match the HARP-B beam. We used the KAPPA routine convolve
for this task. Further details of the PSF matching for HARP-B and Spitzer images can
be found in Bendo et al. (2010).

10.3.1.1 Rgzy Line Ratio

We derived the line ratio of 2CO J=3—2 to 2CO J=1—0 (hereinafter R3;) by simply di-
viding the 2CO J=3—2 integrated intensity with the 2CO J=1—0 integrated intensity,
after matching the beam. For single-beam observations, the 2CO J=3—2 spectra from
the pixel corresponding to the coordinate of the 2CO J=1—0 pointing was extracted
and re-binned to 10 km s~! channels. We used the SPLAT package to inspect the
spectra and discard the line-free region. The remaining spectra were then integrated
over the velocity axis to derive 1>?CO J=3—2 line intensity, and this was divided by the
corresponding 12CO J=1—0 integrated intensity to produce Rs;. For deriving R3; map,
we re-gridded the 2CO J=1—0 to match our pixel size and calculated the Rg3; ratio by
performing a pixel-by-pixel division of the resulting 1>?CO J=3—2 and 2CO J=1—0

maps.
10.3.1.2 8 um Data & Radial Profile

The IRAC 8 ym band samples emission from both stars and PAHs. To produce a clean
8 ym image with surface brightness due to PAHs only, the stellar contribution needs
to be removed using the 3.6 ym image (Helou et al., 2004; Smith et al., 2007). We
downloaded the 3.6 ym and 8 ym images from the SINGS website. The description of

the pipeline data reduction steps can be found in Regan et al. (2006).

For the production of the clean 8 ym image, we followed the steps outlined in
Bendo et al. (2010). First, we determined and subtracted the residual background of
both the 3.6 ym to 8 ym images by fitting a smoothed gradient of the background
brightness outside the galaxy disk. Regions with 3.6 ym to 8 ym surface brightness
ratio >5 were masked out as bright foreground stars. The effective aperture corrections
were then applied to both images by multiplying the correction factors, 0.944 for the

3.6 ym image and 0.737 for the 8 ym image respectively, following the calibration
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recommendation in Reach et al. (2005). Finally, we subtracted the stellar continuum
(represented by the final 3.6 ym image) from the 8 ym surface brightness images

(Helou et al., 2004) using

I§ean = I — 0232153 1y (10.1)

where [ and I3, are the raw 8 ym and 3.6 ym intensity map from the IRAC

pipeline, and Iglilam“ is the final clean 8 ym intensity map. Note that the IRAC 8 ym
image of NGC 3351 is affected by the Muxbleed artefact (Laine, 2011). Hence, the

affected area has been masked out, except the bright circumnuclear region.

To create the radial profiles, we binned the corresponding maps into a number of
elliptical annuli. The ellipticity of the annuli are defined by the ratio of the galaxy’s
major and minor axis lengths. The width of the annuli was about 14.5” for 12CO J=3—2
data and 5.25” for PAH 8 um data, defined along the major axis of the galaxy. The

radial surface brightness was then the average of the brightness within each elliptical.
10.3.1.3 SFR Surface Density

To produce SFR surface density maps, we combined the GALEX far ultraviolet (FUV)
data with the Spitzer 24 ym maps to account for both the exposed and the embedded
star formation activity. The 24 ym waveband traces the dust emission from the young
stars embedded within, and the FUV detects the photospheric emission from the O
and B star which relates to the unobscured star formation. However, it is worthwhile
noting this approach does include some faint emission that are unrelated to star
formation, as discussed by Kennicutt et al. (2009) and Foyle et al. (2012). We estimated

the surface density of SFR using
Yorrp = 8.1 X 10 2Iryy + 3.2 X 103 Loy, (10.2)

from Leroy et al. (2008), where Xgsrr is the estimated SFR surface density having units
of Mg kpc=2 yr~! and both FUV and 24 um intensity (Ir;y and I respectively) are
in MJy sr—l. We refer the reader to the appendix of Leroy et al. (2008) for details of

the calibration steps.
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10.4 REsULTS & DIscussIiON

In Figure 10.1 and 10.2, we show the reduced >CO J=3—2 map of NGC 2976 and
NGC 3351 respectively, together with the ancillary maps of ?CO J=1—0, IRAC
8 pum, optical image from SDSS, Hi image from THINGS and SFR surface density
map. All maps shown are in their native resolution (except the SFRD map that has
been convolved to the HARP-B beam size), overlaid with the contours of our NGLS
12CO J=3—2 data.

The NGC 2976 2CO J=3—2 map traces an inverse-S-like feature with a small
extension along the minor axis at R.A. 09:47:07 and Dec. +67:54:30. This inverse-S-like
structure is not seen in the other wavebands compared here, but does exist in the
12CO J=2—1 image from the HERA CO-Line Extragalactic Survey (HERACLES Leroy
et al., 2009). This is possibly caused by the coarse resolution of the CO maps compared
to the other wavebands, smoothing out the embedded small scale structure, thus
making the large structure easier to identify. In both 1>CO J=2—1 and our 2CO J=3—2
maps, the emission near the two ends of the major axis is stronger than the emission
in the central region. IRAC 8 ym, MIPS 24 ym and THINGS Hi observation detect

similar strong emission here, but the same is not seen in the optical images.

A weak detection near the central region of our >CO J=3—2 map is only evident
in the SFRD image (produced with combination of 24 ym and FUV maps), indicating
the existence of hot dust in this region. This shows up as a faint blob near the centre
of the SFR surface density map, but appears to be slightly shifted compared to the
12CO J=3—2 detection. This central region of the emission is detected in 2CO J=1—0
from the BIMA SONG observations, and the position is closer to the MIPS 24 ym
central detection location. However, due to the small area covered by of the BIMA

footprint, the two bright end regions were partly missed.

This offset in the detection near the central region of NGC 2976 between 12CO J=3—2
and other maps hints at the possible existence of different star formation phases
between this central region and the two bright end regions. The bright end regions

are currently undergoing intense star formation, while the star formation activity in
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Figure 10.1: Contours of the ?CO J=3—2 data of NGC 2976 overlaid on the corres-
ponding ancillary images from the archives. The contour levels are 0.36 (3¢), 0.72,
1.08, 2.0, 3.0 and 5.0 K km s~ ! (temperature in T,,;). In all panels, a magenta box is
drawn to show the region mapped by HARP-B, and a magenta circle to indicate the
14.5" angular resolution of the >CO J=3—2 data. All images are oriented North up
and East to the left, with the inclination angle of 54°. The image representing Xsrr
had been convolved to the HARP-B beam size.
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Figure 10.2: Contours of the 2CO J=3—2 data of NGC3351 overlaid on the corres-
ponding ancillary images from the archives. The contour levels are 0.43 (3¢), 0.86, 1.29,
5.0, 10.0, 20.0 and 30.0 K km s} (temperature in T),;). In all panels, a magenta box
is drawn to show the region mapped by HARP-B, and a magenta circle to indicate
the 14.5” angular resolution of the >?CO J=3—2 data. All images are oriented North
up and East to the left. The 8 ym image is affected by Muxbleed, hence the affected
area is blanked out. The image representing ~srr had been convolved to the HARP-B

beam size.
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the central region might be slowed down by the disruption of the Hr or Hy fuel. This
could be caused by the recent interaction of NGC 2976 with the M81 group, disturbing
the gas and dust distribution within the galaxy, and igniting a new phase of star

formation near the two bright ends.

Another possible explanation of this offset is that 2CO J=3—2 is in fact coming
from a different sub-kpc location compared to the 12CO J=1—0 and 24 um emission,
though the separation between these two regions might be too small to be resolved
here. But the evidence that this location separation exists can be inferred from the
fact that the offsets only occur in the weaker emission area but not in the bright
end regions. At high brightness areas, the strong emission from the sub-kpc region
will dominate the entire telescope beam, hence smearing out the different individual
location. However, if the emission is weaker and due to the nature of the Gaussian-like
beam profile, the spill-over effect to the adjacent beam is less prominent, hence one

can start to distinguish the difference in location where different emission originated.

NGC 3351 has a dominant circumnuclear region that is detected in all wavebands
shown here. The distribution of the 2CO J=3—2 integrated intensity across the
galactic disk has a huge contrast between the dominant central detection and the
surrounding area. Only a certain area around the southern part of the 2’ ring is
detected in our 2CO J=3—2 map. The signal from the northern part of the ring is
weak and does not trace the entire ring structure as seen in the '2CO J=1—0 map. The

bar structure visible in the optical image is not traced in our 2CO J=3—2 map.

The offset in the position of detection from the weaker emitting regions seen in
NGC 2976 is also evident in the NGC 3351 maps. The complex near the southwest
extent of the nucleus, between the centre of the galaxy and the 2’ ring, only shows up
in our 2CO J=3—2, but not in other maps. The complex extending from the nucleus
towards the southern ring on the east also seems to be offset from the detection region
in the NRO 2CO J=1—0 map. However, this southeast complex and the branch
extending slightly towards the northwest, are in fact tracing the dust lane (Swartz

et al., 2006) surrounding the nuclear region. These dust lanes are visible in the single
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filter optical image!!, and they extend along the leading edge of a bar that is oriented
at an angle of 110° east of north. From the IRAC 3.6 ym and the optical image, this
bar terminates at the 2’ ring, with faint spiral arms extending beyond the ring. As well
as the double ring structure (see Section 10.2), NGC 3351 has an interesting double
bar feature too. An inner bar terminating at the 15” ring is detected in the BIMA
12CO J=1—0 observation (Helfer et al., 2003). This 15” bar is almost perpendicular to

the outer 2’ bar, but is too small to be resolved at the resolution of HARP-B.

The detected 2CO J=3—2 spectra of NGC 2976 are generally narrower at the
southeast bright end with half power line width of around 15 km s~!, compared to
the wider width at the northwest bright end of around 30 km s~!. The spectra of these
two bright end regions are shown in Figure 10.3 (a) and (b). The peak intensity Ty
is 0.14 K. The emission line can be traced along the inverse-S-like structure from the
southeast end towards the northwest end, with the central velocity of the line shifting

from 53 km s~ ! towards 68 km s~ 1.

The 2CO J=3—2 emission line near the central region of NGC 3351 exhibits a
prominent twin peak feature, as depicted in Figure 10.3 (c). This feature points to the
rotation of the 15” ring and the inflow /outflow of gas within the inner bar. Each peak
has a rather broad, ~70-90 km s~! half power line width, with a peak intensity of
0.13 K.

10.4.1 Rg3q Line Ratio

To estimate the molecular gas mass using the CO-to-H; conversion factor (Xcp), one
often uses the '2CO J=1—0 transition. However, as Greve et al. (2005) point out, the
12CO J=1—0 line, which includes emission from more diffuse molecular gas, does not
trace star formation on a one-to-one basis. 12CO J=3—2 on the other hand correlates
almost linearly with the global star formation rate over five orders of magnitude
(e.g., Iono et al., 2009). Hence, to derive H, gas mass from the warmer and denser
gas region, where 2CO J=3—2 is thermalised, the ratio between 2CO J=3—2 and

12CO J=1—0 is important. We thus construct ratio maps using the present 1>CO J=3—2

HURefer to Figure 1 in Swartz et al. (2006)
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Figure 10.3: 12CO J=3—2 spectra, on the main-beam antenna temperature (T),;) scale,
of the brightest pixel in NGC 2976 and NGC 3351, smoothed to 10 km s~ 1. All
spectra are overlaid with a Gaussian fits. The central velocity of spectrum (a) is
fitted at 40.3 km s~ !, with a peak temperature of 0.12 K and FWHM of 30.0 km s~ .
Spectrum (b) has a central velocity of -51.8 km s~!, with the peak temperature of
0.14 K and FWHM of 15.0 km s~!. Spectrum (c) has peak temperatures of 0.12 K
and 0.14 K, with the lower peak velocity at 715 km s~! and higher peak velocity at
850 km s~!. The FWHM is 72.4 km s~! for the lower peak and 94.6 km s~! for the
higher peak.
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Figure 10.4: Panel (a) shows the R3; ratio map for NGC 2976 constructed using the
12CO J=1—0 map from BIMA SONG. The grey contour line is the 2CO J=3—2 contour
map to show the position of the ratio map relative to the galaxy. Panel (b) shows
the distribution of the value of R3; across the galaxy. The grey histogram shows the
pixel count when including all the pixels within the ratio map, whereas in the blue
histogram we discard pixels within the ratio map with SNR less than 2.

map in combination with interferometric 2CO J=1—0 map from BIMA SONG for

NGC 2976 and the NRO raster map for NGC 3351, as described in Section 10.3.1.1.

In Figure 10.4 and 10.5, we show the distribution of Rj3; across the disks of
NGC 2976 and NGC 3351 respectively. One notes that completeness of the NGC 2976
R31 map is limited due the restricted sky coverage of the NGC 2976 BIMA 12CO J=1—0
map and that accuracy of the intensity values may be affected by the reduction in
BIMA map sensitivities away from the map centre (Helfer et al., 2003; Warren et al.,
2010). This later calibration effect gives rise to the higher R3; values occurs towards
the south-eastern end of NGC 2976. Similar higher R3; is seen towards the complex
that extends towards the southwest of the centre of NGC 3351, but this is the direct
consequence of the offset in the detection of 2CO J=3—2 and '>CO J=1—0 as explained

in Section 10.4.

Averaging Rj3; across the entire galaxy disc, we obtain a global mean ratio of
0.51£0.13 for NGC 2976 and 0.49+0.03 for NGC 3351. These values generally agree
within ~20% with the R3; value obtained by comparing our map with the single-beam
12CO J=1—0 observations, which are obtained from a central pointing on the galaxy.

For example, using the 12CO J=1—0 data from Sage (1993), we arrive at a ratio of
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Figure 10.5: Same as Figure 10.4 but for NGC 3351. Ratio map and R3; distribution
histogram constructed using the 2CO J=1—0 map from the NRO Atlas.

0.4240.04 for NGC 2976 and 0.48+0.03 for NGC 3351. The larger difference here for
NGC 2976 is simply because the single-beam 2CO J=1—0 data does not cover the

south-eastern bright end region.

Figs. 10.4 (b) and 10.5 (b) show the variation of the R3; ratio within each galaxy.
The observed range of R3; values, mostly between 0.2-0.7, is similar to the range of
global values obtained for the 28 nearby galaxies studied by Mauersberger et al. (1999),
and also similar to the range (0.4 — 0.8) observed in individual giant molecular clouds
in M33 (Thornley & Wilson, 1994; Wilson et al., 1997). We note that similar variations
in R3; have been seen in other galaxies reported so far from the NGLS survey (Wilson
et al., 2009; Warren et al., 2010; Bendo et al., 2010; Irwin et al., 2011; Sdnchez-Gallego
et al., 2011).

In Figure 10.6, we plot the relation of log,, Rs1 with log, Ico(1-0), 10810 Icoz-2)
and the surface density of SFR. We see no obvious correlation between the log,, Ico(1—o)
line brightness and the Rj3; line ratio for either galaxy, indicating no correlation in
the spatial distribution of the total molecular gas mass, as traced by log,, Ico(1-o)
and the areas of dense, warm gas with enhanced R3; line ratio. We do, however, see
a correlation between log,, R3; and log, Ico3—»), indicating that the Ico3_») line is
bright where the line ratio is largest i.e., that the 12CO J=1—0 emission is more diffuse

compared to the more strongly clumped 2CO J=3—2 emission.
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Figure 10.6: Correlation of R3; with >CO J=1—0, >CO J=3—2 and SFR surface
density respectively. The blue square represent pixel points from NGC 2976, whereas
the red dots represent pixel points from NGC 3351.

Plotting R3; against the SFR surface density maps in the rightmost panel of
Figure 10.6 shows no clear correlation for NGC 2976 and a weak correlation for
NGC 3351 (Pearson correlation index n = 0.19 £ 0.05). It appears that for NGC 3351,
the galaxy with more ongoing star formation, the warmer denser gas traced by high
Rg3 ratios is reasonably well correlated with the star formation activity, on the spatial
scales set by the pixel size of the map (108.9 x 10° pc?). This correlation is not seen for
the more nearby NGC 2976 which has less star formation activity and is mapped with

a smaller pixel size (15.6 x 10° pc?).
10.4.2 Molecular Gas Mass Estimation

In this section, we derive molecular hydrogen gas masses (My,) using the 2CO J=3—2
and the 2CO J=1—0 data. For this purpose we make use of the R3; ratio discussed in
Section 10.4.1, and investigate the influence of the various R3; values adopted on the
derived molecular hydrogen mass estimates. We smooth the >CO J=1—0 map to the
HARP-B resolution and compare only the common area covered in both maps. We

compute 2CO luminosity (for both >?CO J=1—0 and 2CO J=3—2 data) following:
Lco = Lavg X Npix X 23.5 x (D X Apiy)?, (10.3)

where Lo is the 2CO luminosity in K km s™1 pc?, Ly, is the average '>CO intensity
(K km s~!) obtained from the integrated intensity map on main beam temperature

scale, Npix 18 the number of pixels included, D is the distance to the galaxy in Mpc
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and Apix is the pixel size in arc-seconds. The molecular gas masses are derived using
My, =1.6 x 107% x Lco x Xco (M), (10.4)

where Lco = Lco(1-0) and Lco = Leo(3—2)/ Ra1 for My, based on 12CO J=1—0 and
12CO J=3—2 observations, respectively. Here, we use Xco = 2 x 10% (K km s~ 1)~!
(Strong et al., 1988), consistent with the other papers published from the NGLS series,
and assume that this conversion factor does not vary across the galactic disc. We do
not take into account the effect of metallicity on the conversion factor, but we note
that using the equation reported in Israel (2000) to calibrate Xcp for metallicity, the Hp
gas mass estimates for NGC 3351 would remain almost unchanged while the result

for NGC 2976 would be lower by <5%, which is far less than the uncertainty caused

likely by systematic calibration errors (~ £20 %).

We now investigate the effect of various R3; values on My, estimates. First, we
assume a generic line ratio of 0.6, which is a typical ratio appropriate for the molecular
gas in Galactic and extragalactic GMCs (Wilson et al., 2009). Israel (2008) also found
similar line ratios (0.6£0.13) from observations of 15 nearby galaxies with modest
starbursts. Second, we used the global mean ratio of 0.51 for NGC 2976 and 0.49
for NGC 3351, calculated directly from the present observations. Finally, we use a
theoretically predicted (direct) CO(3—2)-to-H, conversion factor (Xcp(32)) taken
from Bell et al. (2007). We chose the value of Xco(3_,2) = 2.9 X 10%° for NGC 2976 and
Xco@E—2) = 3.5 10% for NGC 3351, corresponding to types of galaxies similar to the

ones studied here as outlined in Bell et al. (2007).

Table 10.3 summarises the molecular hydrogen gas mass estimates using different
Rg31 values. For comparison, we also include My, estimates based on 12CO J=1—0 and
12CO J=2—1 data from the literature (Kuno et al., 2007; Helfer et al., 2003; Leroy et al.,
2009) with appropriate corrections for the same distance and Xcp used in the present

work.

Overall, the molecular gas mass My, estimates derived using different values of
R31 are consistent within each galaxy. These estimates for the warmer gas (based

on 2CO J=3—2 data) are typically lower than the My, based on >CO J=1—0 which
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Table 10.3: Molecular gas mass My, derived from our 2CO J=3—2 data, compared to
the literature.

Ji NGC 2976 NGC 3351
Leo 352 (0.540.08)x107 (5.1 + 0.6)x107
(K km s~1 pc?) ' ' ' '
Line ratio Derived My, (108 M.,)
R=06 352 0.27+0.04 2.72+0.32
R=051+0132 32 0.31+0.09 -
R=049+0.03% 32 - 3.334+0.44
Xco(-2) 3—2 0.23+0.04 2.86+0.34
Survey My, (10% My) from literature
BIMA SONG ¢ 10 - 10.3+1.53
NRO ¢ 10 - 7.50
HERACLES® 21 0.61 8.14

Notes:

2 Global ratio derived for NGC 2976.

b Global ratio derived for NGC 3351.

¢ Helfer et al. (2003).

d Kuno et al. (2007). The value was corrected for the same
distance and Xcp used here and not corrected for heavy
elements.

¢ Leroy et al. (2009). The value was corrected for the same
distance used here and does not includes any correction
for heavy elements.

traces more diffuse and cooler gas. H, gas masses calculated using the global mean
Ra; value averaged across the disk of the galaxy (0.51 for NGC 2976 and 0.49 for
NGC 3351) appear to be slightly higher compared with those obtained using other
values of R3;. We conclude that our estimates of the warm and denser gas (based on

12CO J=3—2 data) are fairly robust against various R3; values and also Xco factors.
10.4.2.1 Molecular gas mass and SFRD

In this section we investigate how the ratio Hy-to-Hi1 (which we denote as R,,,;) varies
as a function of the SFRD in two different environments, an Hi rich dwarf (NGC 2976)
and an H, dominated galaxy (NGC 3351). We use the present 12CO J=3—2 data to
derive the molecular gas mass using a generic line ratio of R3; = 0.6. We include the
same analysis, but with the molecular gas mass derived directly from the 12co J=1—0,
corrected to the same beam size and distance. This allows us to systematically compare

the difference between gas mass derived from 12CO J=3—2, which traces denser and
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Figure 10.7: Xsrr as a function of different gas phase: (left) H, only, (centre) Hr+H,
and (right) Ho-to-Hi ratio. Each point in these diagrams represents a single pixel
corresponding to the pixel size of our ?CO J=3—2 map. Pixels from NGC 2976 are
plotted with blue square, while regions from NGC 3351 in red circle.

warmer molecular gas, and the gas traced by >?CO J=1—0 which is thermalised at
lower critical densities. We excluded the use of X3 for this analysis because
the My, distribution derived is very similar to the one calculated using the generic

R31 = 0.6 value.

In Figure 10.7, we show the relation of the surface density of Hy, surface density of
total gas mass (H1 + Hy), and the ratio of Hp-to-H1 with SFRD. The upper panels show
the relation with My, derived from 2CO J=3—2 data, while the lower panels plot
the same quantities calculated from '>CO J=1—0 data. Each point in these diagrams
represents the corresponding quantity calculated within an area of 15.6 x 10% pc? for
NGC 2976 and 108.9 x 10° pc? for NGC 3351, which corresponds to the pixel size of
our 2CO J=3—2 map. The surface densities of both molecular and atomic gas were
calculated directly by dividing the gas mass estimated within that single pixel by the
corresponding pixel area, taking into account the inclination of the respective galaxy.
We found no correlation between the Hi surface density and SFRD, hence we have not
plotted it here, although we note that most pixels have Xy, surface densities below

10 Mg pc2, as seen in Schruba et al. (2011) and Leroy et al. (2008).
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As is evident from the plots in Figure 10.7 (a)—(d), the pixel points from each galaxy
(blue for NGC 2976 and red for NGC 3351) follow different slopes when 2CO J=1—0
data are used, but have similar slopes if 1>CO J=3—2 data are used. Focusing on
Figure 10.7 (a) and (c), one sees that at higher H, mass surface densities, both upper
and lower plots seem to point to the same rate of star formation, but at areas of lower
surface density, the diffuse 12CO J=1—0 emission appears to show lower rates of star
formation compared to that from 2CO J=3—2. This is especially clear in the case of
NGC 3351. This can be explained by the fact that this lower gas mass region of the
diffuse ISM (traced by 2CO J=1—0 line) might not be directly related to active star

formation.

Figure 10.7 (e) shows the relation between R,,,; and SFRD. This plot clearly shows
that NGC 2976 is mainly Hr dominated, whereas NGC 3351 is dominated by Ho.
Both galaxies appear to have a similar behaviour, where higher R,,,; seems to be
indicative of more active star formation activity, but this relation is less clearly defined
in NGC 2976. This power law relation between R,,,; and SFRD is not a surprising
result given the Schmidt-Kennicutt relation that correlates the high concentration of
H, with higher rate of star formation (this relation is also reflected in Figure 10.7 (a)
and (c)). Nevertheless, one would naively expect that the higher the H>-to-Hr ratio,
the higher the rate of star formation (i.e. a tight power law relation), but this is not
the case. This potentially shows that the role of Hi in star formation can not be
completely ignored. In fact, as shown in Figure 10.7 (f), higher values of R,,,; do
indeed correlate with higher star formation efficiency SFE(HI) (SFR surface density
per unit Hr gas surface density), especially for NGC 3351. This seems to indicate that
higher molecular gas fraction is due to the accretion of Hr towards the local centre of
gravity and thus increases the consumption of Hi. This assists the conversion of Hi
into molecular hydrogen with a faster rate, hence producing more Hy gas to increase

the rate of star formation.

However, this linear relationship between SFE(HI) and R,,, is not seen with the
SFE(H;) (SFR surface density per unit H, gas surface density), nor with SFE(Hi+H>)

(the SFR surface density per unit neutral gas surface density). It would thus be
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very informative if we could plot the relation of Hi, H, and SFRD concurrently to

understand how the different species of gas affecting SFRD.

Another common feature one can see here is that both galaxies appear to follow
two different power law slopes when Xy, is plotted against SFRD (n = 0.74 & 0.14 for
NGC 2976 and n = 2.5+ 0.11 for NGC 3351), compared to their relation of Xy H,
with SFRD (n = 1.77 £ 0.23 for NGC 2976 and n = 2.5 £ 0.12 for NGC 3351), which
appears to have a similar power law index. This is especially distinct if Xy, was
derived from 2CO J=1—0 data. The fact that the differences in the power law slopes
between the two galaxies in the Xy, and SFRD plot disappear when Xy, is added,
shows that, given the R,,, ratio alone we cannot predict the star formation rate. This
implies that different surface densities are likely to have different star formation
efficiencies and that other environmental effects may affect the way Hr and H relates
to SFRD. As pointed out by Schruba et al. (2011), the Schmidt-Kennicutt relation
was mostly plotted with the mean surface density averaging throughout the entire
galaxy, hence smearing out the scale variance effect. The intriguing fact here is that
even though the same kind of difference in the power law of Schmidt-Kennicutt
relation is seen in Schruba et al. (2011), it seems that in their plotlz, the H1 dominated
galaxies have steeper correlation instead of the opposite seen here. However, we
should note that Schruba et al. (2011) use a stacked average of a tilted ring of 15" wide
for the surface density calculation, whereas here we concentrate on pixel-by-pixel
treatment. In addition, these authors estimate their Xy, using ?CO J=2—1 data
combined with a certain aspect ratio, and hence comparison with our plots is not

completely straightforward.
10.4.3 Correlation with PAH Emission

In both Figure 10.1 & 10.2, the large structures traced by 12CO J=3—2 appear to match
those seen in the PAH 8 ym image. The two bright end regions of NGC 2976 can
be seen in both wavebands. The ratio between the surface brightness of these bright

end regions to the centre of the galaxy is larger in the PAH 8 ym image, and the

12Figure 8 and Figure 9 in Schruba et al. (2011)
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Figure 10.8: Comparison of >CO J=3—2 radial profile with that of Spitzer IRAC 8um
for both NGC 2976 and NGC 3351. 12CO J=3—2 intensity is in K km s~! (blue, left
axis) and PAH 8 ym is in mJy (red, right axis). All data were convolved with kernels
that match the PSF of 12CO J=3—2 data.

weak inverse-S shape structure that was visible in the >CO J=3—2 map appears to
show regions of stronger emission in the PAH 8 ym map as well. There is, however, a
difference in the small scale structures among these images. One example is the small
structure directly to the south of the northern bright end region in the 2CO J=3—2

map which does not have a comparable counterpart in the PAH 8 ym image.

The emission from the central circumnuclear ring region of NGC 3351 dominates
the brightness map in all three wavebands. The 2’ ring structure is clearly seen in the
PAH 8 ym image. This ring structure is only partially detected in '2CO J=3—2 map.
We note that the areas that were detected here do not seem any brighter in the PAH
8 ym image. Also, the coverage of the PAH 8 ym emission is more extended than

12CO J=3—2 in this galaxy, but the opposite is true for NGC 2976.

One might expect that 12CO J=3—2, which is excited in the warm and dense
molecular gas regions nearer to the star formation sites, would have a high spatial
correlation with PAH emission, if the PAH emission is connected to star formation
activity. Regan et al. (2006) studied the radial distribution of the 8 ym emission and
the 12CO J=1—0 emission for 11 disk galaxies and found a high spatial correlation
between them. Bendo et al. (2010) compared the radial profiles of PAH 8 ym surface
brightness to the 12?CO J=3—2 in NGC 2403 and found that the scale lengths in both

cases are statistically identical. But their examination in sub-kpc scale regions within
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the galaxy reveals that 12CO J=3—2 and PAH 8 um surface brightness seemed to be
uncorrelated. Here we investigate this correlation for NGC 2976 and NGC 3351 by
comparing the radial profile of the 12CO J=3—2 emission to the PAH 8 ym surface

brightness.

Figure 10.8 shows the radial profile of both the PAH 8 ym and the >CO J=3—2
surface brightness for both NGC 2976 and NGC 3351. The general shapes appear to
match in both galaxies, however on smaller spatial scales the profiles match less well.
The scale lengths, defined as the radial distances where the intensity drops by 1/e
from the peak intensity, for NGC 2976 are 1.65 kpc and 1.85 kpc for the 2CO J=3—2
and PAH 8 ym emission, respectively. These scale lengths are larger than the two
bright end regions which correspond to the local maxima at ~1.3 kpc away from the
centre of the galaxy. Beyond ~1.3 kpc, both emissions decay rapidly with almost
the same rate. The ratio between the peak brightness of the two bright end regions
with the galaxy centre, and the position of these bright end regions, are similar in
both radial profiles. This might suggest that within high surface brightness regions,
both components correlate better compared to lower brightness regions. Bendo et al.
(2010) examined this relation in NGC 2403 at the sub-kpc scale, and found a similar
trend. In their plot'?, it appears that both indicators only overlapped in the area where
12CO J=3—2 intensity is higher than 1.0 K km s~! and PAH 8 um surface brightness
is higher than 2.0 MJy sr— .

Within the central ~1 kpc of NGC 3351, the two radial profiles follow each other
closely. This is likely to be due to the resolution limit imposed by the HARP-B beam
size (FWHM of ~660 pc at a distance of 9.33 Mpc). The PSF for both data have been
convolved to the same resolution and the galaxy centre contains a bright source that
is unresolved at the resolution of 14.5”. Away from the central region, the two profiles
do not trace each other well. Note that the ratio of the 2’ ring-to-nucleus intensity
of the 2CO J=3—2 is higher than the PAH 8 um profile. Outside the 2 ring, the
2CO J=3—2 emission decays much faster than the PAH 8 um,the latter extending

almost twice as far as the 12CO J=3—2 profile. As we saw in NGC 2976, this might

13Figure 14 in Bendo et al. (2010).
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indicate that the correlation of the two components is better at higher brightness
region in the galaxy. But again, the detection of 1>?CO J=3—2 at this region is too faint

to reach a definite conclusion.

To further examine this relation, we compare both detections pixel by pixel and plot
their correlation in Figure 10.9, using only the pixels detected within our 2CO J=3—2
map. Again, the PAH 8 ym map is convolved and re-gridded to match the resolution
of our 2CO J=3—2 map. Note that due to the difference in distance, each point within
this plot corresponds to an area of 15.6 x 10° pc? for NGC 2976 and 108.9 x 10° pc? for
NGC 3351. As with the radial profile comparison, this pixel-by-pixel approach seems
to show that both kinds of emission are quite well correlated. However, there seems
to be a larger scatter at higher surface brightness end of the plot, and the correlation
seems to break down at log Lcoz—» < 4.5. This seems to agree with the argument
from Bendo et al. (2010) that this correlation would break down at lower intensity or
smaller spatial scales. It would be interesting to further examine this relation with a

larger sample of galaxies to determine where this correlation begins to fail.

In order to determine whether this relationship only holds for these two galaxies,
we examined all the SINGS galaxies within NGLS to see if NGC 2976 and NGC 3351
are typical of the entire sample. In Figure 10.10, we plot the total >CO J=3—2
luminosity against the total PAH 8 pym luminosity for NGC 2976 and NGC 3351,
together with 23 SINGS galaxies that have 2CO J=3—2 detected. The luminosity
values are tabulated in Table 10.4. The ?CO J=3—2 maps of these 23 galaxies were
obtained from the early release of the NGLS data set (Wilson et al., 2012). The PAH 8

pum maps were obtained from the same source as described in Section 10.2.1.
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Figure 10.10: Correlation of total integrated PAH 8ym luminosity and the total
integrated '2CO J=3—2 luminosity of the 25 SINGS galaxies in the NGLS samples.

Clearly, the correlation of the two indicators is tight. There seems to be an
approximately linear relation between the two, with log Lg ym ~ 0.74log Ico;3_2) —
0.32. The Pearson correlation coefficient is as high as 0.97, with both NGC 2976 and
NGC 3351 lying close to the best fit line. To investigate whether this tight relation is
not entirely dominated by the strong nuclear emission regions, we made a similar
plot of the median luminosity instead of total luminosity, and found that the high

correlation still holds.

Even though both ?CO J=3—2 and PAH 8 um are believed to be linked to star
formation, their origins within the ISM and their fundamental excitation mechanisms
are different. The 8 ym emission originates from PAHs found near the stars, in
particular in the photospheres of AGB stars (Tielens, 2008), while molecular CO is
formed on the surface of interstellar dust grains. The surface brightness of PAH
8 um emission is mostly proportional to the number of FUV photons and the number
density of PAH molecules. The 12CO J=3—2 intensity, on the other hand, is controlled
mainly by the collision rate with the molecular hydrogen, the temperature of the
gas and the density of molecular CO. It is thus important to understand why they

correlate so well in a global environment.

One possible explanation is that there is a spatial co-existence of the PAH molecules
and molecular CO in photo-dissociation regions (PDR), although not at specific sub-

kpc locations within individual clouds. At the front of a PDR, the UV flux from
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Table 10.4: Total luminosity of PAH 8 ym and '>CO J=3—2 of 25 SINGS galaxies
within NGLS samples.

Galaxy Distance Lpansum Leo(z-2)
Mpe)  (MJy pc?)  (x10°K km s~ pc?)

NGC 0628 7.3 0.99 £ 0.07 52+£1.0
NGC 0925 9.1 0.38 + 0.15 09 +0.2
NGC 2403 3.2 0.30 £ 0.04 1.7+ 03
NGC 2841 14.1 1.22 £ 0.04 <11
NGC 2976 3.6 0.11 £ 0.03 0.50 £ 0.08
NGC 3031 3.6 0.53 + 0.33 0.91 + 0.35
NGC 3034 3.6 712 + 0.01 39.2+04
NGC 3049 22.7 0.26 £ 0.21 14 +£03
NGC 3184 11.1 1.46 £ 0.04 95+ 14
NGC 3198 13.7 1.01 £0.14 69 +1.1
NGC 3351 9.3 0.79 + 0.06 51406
NGC 3521 7.9 2.53 £0.01 179 £ 1.2
NGC 3627 9.4 3.86 + 0.01 31.1 +£1.7
NGC 3938 14.7 1.65 + 0.05 123 £2.0
NGC 4254 16.7 10.06 £+ 0.02 73.8 £ 4.8
NGC 4321 16.7 7.14 £ 0.02 547 + 5.3
NGC 4559 9.3 0.58 + 0.08 19+£04
NGC 4569 16.7 2.25 + 0.04 20.1 +£1.7
NGC 4579 16.7 1.34 £ 0.07 79+ 14
NGC 4631 7.7 2.67 £+ 0.02 14.6 = 0.7
NGC 4736 52 0.75 + 0.05 52+ 04
NGC 4826 7.5 0.74 + 0.02 9.7+ 05
NGC 5033 16.2 3.60 £ 0.07 231 £ 3.0
NGC 5055 7.9 2.75 £ 0.02 197 £ 1.7
UGC 05720 25.0 0.58 £+ 0.04 28 £0.6

hot stars or the interstellar radiation field excite the PAH molecules and heat the
small grains in the ISM. This is responsible for the generation of intense irradiation
from PAHs and the continuum dust emission in the mid-infrared. CO rotational
transitions are generally believed to be generated from regions that reside deeper in
the photo-dissociation regions (Hollenbach & Tielens, 1999). In this region, the UV
source is still strongly photo-dissociating species like OH and H,O, but is weaker
compared to the ionisation front, and thus molecular hydrogen and CO start to form
in this region. Given a certain amount of UV photons, a higher density of PAHs would
absorb a larger portion of these stellar fluxes, and reduce the photo-dissociation of

CO molecules, hence resulting in a positive correlation of the two constituents. Also,



10.5 SUMMARY 197

both PAHs and molecular CO would not exist in high UV radiation region, as both

species would be dissociated.

The same scenario can be applied to the star forming regions within the molecu-
lar clouds. If the '2CO J=3—2 intensity indicates the amount of gas fuelling star
formation in the core, it could be approximately proportional to the number of UV
photons radiated by these newly born O and B stars. If a linear fraction of these
photons is absorbed by the PAHs, their surface brightness will then be approximately

proportional to the 2CO J=3—2 intensity.

There are other alternative explanations in the literature, for example due to the
molecular cloud formation triggered in regions with stellar potential wells (Leroy
et al., 2008; Bendo et al., 2010), or due to the effects of cosmic rays from star formation
(Bendo et al., 2008). Haas et al. (2002) and Bendo et al. (2008) also found an association
between the PAH emission and the cold dust. If molecular gas is associated with cold
dust, then the PAH and '2CO J=3—2 would be expected to be associated with each
other as well. In general, we believe that the 2CO J=3—2 luminosity does correlate
well with PAH 8 ym luminosity at larger scale, but this correlation might not hold for

smaller sub-kpc scale.
10.5 SUMMARY

We have presented 2CO J=3—2 maps of NGC 2976 and NGC 3351, observed using
HARP-B on the JCMT. We compared our observations to the optical, 12CO J=1—0,
PAH 8 ym, Hr and SFRD maps constructed using a combination of 24 ym and FUV
data. 12CO J=3—2 emission from NGC 2976 is strong at both ends of the galaxy
major axis, whereas NGC 3351 is very bright in the nuclear region. NGC 2976 shows
a large scale structure that is seen only in the >?CO J=2—1 image, but not in other
wavebands included in this chapter, due to the coarse resolution of the 12COo J=3—2
and 12CO J=1—0 maps. In contrast, the dominant circumnuclear region in NGC 3351
was visible in all waveband maps presented here. However, the prominent 2’ ring

structure is only weakly detected in our >CO J=3—2 map.

We combined our ?CO J=3—2 data with '>CO J=1—0 data from various sources
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to probe the molecular gas mass using the 2CO J=3—2 to 2CO J=1—0 line ratio.
The ratio values we obtained are within the range derived for various nearby galaxy
surveys, but we find that the line ratios vary moderately within the galactic disk. We
use the disc-averaged line ratio and a typical line ratio similar to the value derived
for the Galactic and extragalactic GMCs to estimate the molecular gas masses using
the standard CO(1—0)-to-H; conversion factor. Our results are about a factor of 2
smaller than the gas masses derived using direct >CO J=1—0 data. We argue that
this is because we were tracing the molecular gas regions that are warmer, denser and
closer to the sites of star formation, and this should give a better estimate of the actual

gas masses that fuel star formation.

We have plotted the SFRD against surface density of H, mass and neutral hydrogen
gas mass to compare the difference between the star formation law based on the
more diffuse ISM region traced by the >CO J=1—0 emission and the denser and
warmer region traced by the '2CO J=3—2 data. The SFRD correlates better with
the 12CO J=3—2 emission, while the power law relation of Xy, calculated from
12CO J=1—0 with SFRD appears to be different between the two galaxies. We use the
Hi data from THINGS to derive the Hp-to-Hi1 ratio and compare it with the SFE(Hr)

and notice a power law relation between the two quantities.

We have also studied the correlation of the >CO J=3—2 surface brightness with
the PAH 8 ym as both are prominent indicators linked to star formation activity. We
first investigate their relation within NGC 2976 and NGC 3351 using both the radial
distribution of the surface brightness and a pixel-per-pixel comparison. We find that
they correlate well in the higher surface brightness regions. We further study the
global correlation of the total luminosity of the two physical parameters using the
data from all 25 SINGS galaxies within the NGLS and reached a similar conclusion.
We suggest that this could be the result of the coexistence of both 12CO and PAH
molecules in the PDR regions, provided that the lifetime of both species are matched.
In conclusion, we suggest that this correlation is high at large spatial scales, but at

smaller sub-kpc scales, the correlation may break down.
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CONCLUDING REMARKS

The work described in this thesis has covered several areas of heterodyne receiver
developments based on the SIS mixer technology, near the niobium superconducting
gap frequency. Even though SIS technologies have now matured and used routinely
at low frequencies, applications at high frequencies are still challenging due to the
rapid increase in losses and the small size of mechanical components. Nevertheless,
as shown in this thesis, high performance SIS receivers with advanced capabilities
are feasible with careful design and the rapid improvement of device fabrication and
machining technologies. Here, I will briefly describe some of the key contributions

achieved in this thesis.

A high performance smooth-walled horn that has similar performance to the
conventional corrugated horn, and yet is easy to fabricate, has been successfully
designed and experimentally tested from 600-740 GHz range. We have fabricated
several prototypes via direct milling using a standard CNC milling machine, and
the beam patterns measured for these prototypes agree well with the predicted
good performance despite the stringent machining requirements for high frequency

operation at 700 GHz.

The efficient coupling of the output signal from the feed horn, travelling in a

rectangular waveguide, to an SIS tunnel junction is essential for a high performance

199
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SIS mixer. Instead of the commonly used waveguide probes, in our new designs
we utilised a unilateral finline taper to transform the waveguide mode to microstrip
mode, with transition through slotline or CPWs. These designs yield broadband
operation, an easy-to-fabricate mixer block and a large substrate area for integrating
advanced mixer circuits. For a tuning circuit, we employed two inductive microstrip
stubs fabricated alongside the SIS junction to tune out the junction capacitance over
a relatively broad bandwidth. The entire structure has been simulated rigorously
using HFSS and SuperMix, and since the mixer chip does not need any mechanical
tuners, only a straight waveguide mixer block is required. We have fabricated and
tested these new mixer designs on both a 60 ym quartz and a novel 15 ym SOI
substrates. The extensive experimental investigations have show encouraging wide
band performance with a best noise temperature of 143 K. The overall performance
was compromised though, due to an error in junction size and offsets in junction

position during fabrication.

An upgrade from the single junction SIS mixer to a balanced SIS mixer that is
capable of rejecting additional noise from the LO is also presented. The devices were
fabricated using the same planar circuit technology as the single ended design, on
a 15 ym SOI substrate. The unique feature of this new design is the back-to-back
finline structure that allows the RF and the LO to be coupled separately into the
mixer chip, hence eliminating the need for a beam combiner. Preliminary test results
show performance inferior to current state-of-the-art balanced SIS mixer, but from
rigorous analysis, we demonstrated that the performance would improve substantially
if the junctions are well aligned and identical. Nonetheless, we managed to measure
acceptable performance with the best DSB noise temperature around 700 K and have

demonstrated that the additional planar RF hybrid and the DC/IF block work well.

We have also designed single sideband SIS mixers using the same planar circuit
technology. All the required circuit components were fully integrated on a 15 ym SOI
substrate chip to ensure only a simple mixer block would be required. By exporting
the S-parameters of these individual circuit components simulated by HFSS into

SuperMix to form a complete mixer model, we have shown that they exhibit good
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performance in sensitivity and noise rejection ratio.

An essential component of the SIS receiver assembly is the local oscillator source.
As an alternative to conventional multiplied sources, we worked on the generation
of sub-mm signal by beating of two commercially available infrared lasers. We have
successfully demonstrated that the method is feasible, especially around 100-200 GHz,
and have successfully used it to pump a 230 GHz SIS mixer. Using a PID controller,
we have also managed to frequency-lock the lasers to ensure stable operation of the

photonic LO system.

In Chapter 8, we have investigated the heating effect of tunnel junction by the LO
power and have presented a method to retrieve the electron-phonon interaction time
by extending the impedance recovery procedure. The recovered value of the electron-
phonon interaction time from our Nb-based SIS device was found to be consistent

within the range measured by other groups for different thickness of niobium.

The final chapter of this thesis presents observations of 2CO J=3—2 from NGC 2976
and NGC 3351 using HARP-B, the 16-pixel SIS array receiver on the JCMT. The
obtained 350 GHz data was combined with the '2CO J=1—0 data from the literature
to derive 12CO line ratios, and we have found that the line ratios lie between 0.3-0.8,
a similar range to that seen in other field galaxies from the NGLS survey. Using
a generic line ratio of 0.6, a typical line ratio for Galactic and extragalactic GMC,
we estimated a total dense molecular gas mass of 2.7 x 107 M, and 2.72 x 10® M,
for NGC 2976 and NGC 3351, respectively. Using these data, we also investigated
the correlation between Hr1 and H; with star formation rate density (SFRD), and we
found that the correlation between the total gas mass (H1 4 H>) is better with SFRD
compared to H, gas mass alone. The most interesting result generated from this
project is the discovery of a very tight correlation between the 2?CO J=3—2 intensity
with the PAH 8 um surface brightness, in particular in the high surface brightness
regions. We extended this study to include another 23 galaxies within the NGLS
sample, and found that the same tight relation held even at large spatial scales. We
believe that this is most likely due to both PAH 8 ym and '2CO J=3—2 emission are

originating from the proximate site of active star formation.
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These observations at 350 GHz are important as they probe the denser and warmer
regions of the molecular clouds within the galactic disks that are more directly in-
volved in star formation activity. Combining this with higher-J data e.g., 12CO J=6—5
near 650 GHz, would therefore allow further constraints to be placed on star formation

models, in particular the chemistries and dynamics of their formation.
11.1 TOWARD MULTI-PIXEL FOCAL PLANE ARRAY RECEIVERS

Heterodyne detectors are already approaching quantum-limited sensitivity in the
sub-mm regime. Further improvement in single dish telescope’s mapping speed must
therefore come from the deployment of multi-pixel focal plane arrays, integrating
a large number of SIS mixers into a single receiver unit. Such a closely packed
instrument like HARP-B, not only helps to reduce integration time for a specific
sensitivity, but allows sensible observation for objects significantly larger than the
telescope beam size e.g., spectroscopic mapping of the Galactic plane with high spatial

and spectral resolution.

All the developments reported in this thesis regarding the sub-mm heterodyne
instrumentation will enable the construction of compact and yet high performance
focal plane SIS mixer arrays at high frequency. The development and rigorous tests
of the 700 GHz smooth-walled horn and the good performance of the 230 GHz
smooth-walled horn array demonstrated by Leech et al. (2010) hold a very strong
promise for deployment of tens or even hundreds of feed horns at a reasonable cost
and manufacturing time. The SOI and planar circuit technology used in this thesis
reduce the complexity of mixer blocks extensively, in particular if a more sophisticated
SIS mixer design is to be used, since all the required circuit components are integrated

on-chip.

The unique feature of finline SIS mixers i.e., that the mixer chip is oriented along
the axis of wave propagation, allows great flexibility in the design of the array
assembly, especially the elegant back-to-back architecture for LO injection. This
particular arrangement allows the elimination of the need for beam splitters and helps

to reduce the LO power requirements by a factor of ten or more. In conjunction with
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developments such as compact and flexible photonic LO sources, this could help make
heterodyne focal plane arrays at sub-mm interferometers a reality. The laser unit for
photonic LO could be placed centrally remote from the individual receivers, while
only the miniature photomixer and biasing electronics are integrated into the receiver.
Distribution of optical power from lasers can be easily done using low-loss fibre optic

technology.

High frequency heterodyne arrays are becoming increasingly attractive and are
being actively pursued by many leaders in this field. There are already technology
demonstrators being built such as SuperCam (Groppi et al., 2010) or planned KAPPa
(the Kilopixel Array Pathfinder Project, Groppi et al., 2011), aiming to develop
technologies suitable for constructing a thousand pixel heterodyne array. KAPPa,
which operate in the 650 GHz band has already adopted a variant of the high
performance smooth-walled horn presented in this thesis. We are thus very optimistic
that the technology development presented in this thesis will be useful for future sub-
mm instrumentation and will enable us to further probe into the largely unexplored

regions of the sub-mm universe.
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ANCILLARY DATA OF INDIVIDUAL TESTED DEVICE

A.1 INFLUENCE OF VARIOUS EXPERIMENTAL PARAMETERS ON THE MIXER

TEST RESULTS

It is well known that the noise temperature measured at a certain bias point depends
on several environment factors e.g., the physical temperature of the mixer chip, the LO
pumping level, the strength of the magnetic field, and the influence of the first-stage

cryogenic amplifier noise performance. We thus performed an experimental test
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Figure A.1: All the data were taken using the quartz device F74 A-D4N1. (a) The
effect of temperature influencing the measured noise temperature at a constant LO
pumping level. (b) The effect of current drawn by the cryogenic amplifier influencing
the noise temperature performance, at 661 GHz with a 23 ym beam splitter at a
constant LO pumping level. (c) The effect of LO pumping level, at 661 GHz with
23 ym beam splitter.
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to measure the effects of these parameters on the Y-factor measurement, as shown
in Figure A.1. The relation between the mixer noise temperature with the physical
temperature appears to follow a quartic power law trend. Cooling the device from
4.5 K to 3 K can easily halve the noise temperature measured, and this cooling effect
has the most profound influence in scale compared to the LO pumping level and the
effect of the amplifier. For the amplifier, we measured the optimum operating current
to be around 25 mA at 4.2 K, agreeing well with the test data from the manufacturer,
which was tested at 11 K physical temperature. The LO pumping level at the first
photon step gave the best noise temperature was found to be around a fifth to a
quarter of the critical current level. All these measurements, and those presented
in the main text, were done with the magnetic current applied around the second

Josephson minima.

A.2 SUPPORTING DATA FROM SINGLE-ENDED MIXER TESTS
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Figure A.2: Measured noise temperature and DSB conversion gain of F74 A-D7N1
and F74 A-D4N1 across the operating RF bandwidth. The grey points corresponding
to the uncorrected noise measurement.
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become less prominent when the device was colder. (b) The effect of the instability
was only observed when the device was colder.
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Figure A.4: Impedance recovered for FSOI C-D2N1 and FSOI C-C2NS8.

Table A.1: Results of mixer tests carried out on 2011-01-17 for F74 A-D7N1.

|

T=35K, Ry = 17.90 Q, frisre = 532 GHz

|

fro (GHz) | Ty (K) | Gr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
607 5588 -25.3 57 2765 -15.5
624 2948 -22.3 57 1783 -14.7
630 1983 -20.9 57 1349 -15.0
640 2519 -21.3 57 1556 -14.1
652 1738 -18.3 57 1103 -11.7
660 1126 -16.0 57 765 -10.8
670 1666 -17.2 57 1032 -10.4
685 1683 -18.8 57 1091 -12.6
695 6083 -26.5 57 3143 -17.5
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Figure A.5: (a)—(b) IV and IF response of FSOI C-D2N1 at 600 GHz showing the effect
of higher magnetic field strength to suppress the Josephson features. The mixer was
pumped at a1 = 0.548. (c)-(d) Comparison with SuperMix model computed from the
recovered impedance.

Table A.2: Results of mixer tests carried out on 2011-02-18 for F74 A-D4N1.
] T =3.0K, Ry =17.90 Q, frjske = 556 GHz \

fro (GHz) | T (K) | Gg (dB) | dps (um) | Ti(e) (K) | Gr(c) (dB)
595 546 -11.0 50 414 74
597 456 -9.1 50 350 -5.8
598 440 -10.2 50 335 7.2
605 459 -11.1 50 350 -8.1
635 555 -11.8 50 415 -8.3
650 491 -13.1 19 461 -10.3
660 436 -11.2 50 327 -84
674 614 -13.2 19 570 9.7
682 693 -14.5 19 641 -10.9
691 1395 | -172 57 914 -11.3




A.2

SUPPORTING DATA FROM SINGLE-ENDED MIXER TESTS

208

Table A.3: Results of mixer tests carried out on 2011-04-18 for mixer F74 C-D7N6.

|

T =30K, Ry = 18.18 O, frisre = 551 GHz

|

fro (GHz) | Ty (K) | Gr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
594 400 -12.1 50 313 -9.7
605 356 -11.2 50 275 -9.0
610 350 -12.7 19 332 -10.9
615 430 -12.7 23 397 -10.3
623 443 -13.3 23 409 -10.9
625 432 -12.7 19 408 -10.2
635 390 -13.3 19 369 -11.3
642 383 -13.2 19 362 -11.3
650 365 -12.8 19 345 -11.0
661 369 -12.8 19 348 -10.9
670 426 -13.9 19 401 -11.9
673 473 -13.7 19 444 -11.3
682 562 -15.1 19 528 -12.5
691 685 -15.8 19 641 -12.8
702 1070 -18.5 19 996 -14.7
Measured on actual first step.
595 311 -7.4 75 216 -5.8
596 281 -5.9 75 193 -4.0
599 221 -6.7 75 150 -5.1
600 210 -6.5 75 143 -4.9

Table A.4: Results of mixer tests carried out on 2011-04-14 for FSOI C-D2NS8.

|

T=365K, Ry =19.22 Q)

|

fro (GHz) | Ty (K) | Ggr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
600 729 -15.0 50 559 -11.3
605 609 -14.1 50 471 -10.8
610 520 -13.1 50 402 -10.1
615 621 -13.6 50 473 -10.1
620 588 -14.0 50 452 -10.8
630 528 -13.9 50 409 -11.1
640 515 -13.9 50 399 -11.2
650 515 -14.1 50 399 -11.5
660 470 -13.7 50 363 -11.2
670 469 -13.8 50 363 -11.4
680 539 -14.6 50 416 -12.0
691 645 -15.4 50 494 -12.3
702 741 -15.7 50 557 -12.2
724 1809 -21.1 50 1308 -16.1
642 749 -17.3 19 711 -14.6
650 484 -14.4 19 457 -12.0
660 399 -13.4 19 376 -11.4
673 455 -14.5 19 429 -12.5
680 670 -16.2 19 631 -13.4
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Table A.5: Results of mixer tests carried out on 2011-05-26 for FSOI C-C2N?7.
] T =377 K, Ry =16.70 ) \

fro (GHz) | Ty (K) | Gr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
595 464 -13.4 75 342 -10.9
600 517 -13.1 75 375 -10.1
630 685 -14.8 75 496 -11.2
660 799 -16.3 75 588 -12.6
690 1132 -17.3 75 800 -12.6
710 1766 -19.4 75 1177 -13.3

Table A.6: Results of mixer tests carried out on 2011-06-02 for FSOI C-C2NS8.
| T=33K Ry =2049 O |

fro (GHz) | Ty (K) | Gr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
605 4226 -24.8 75 2413 -16.9
635 2456 -21.4 75 1511 -14.5
660 1999 -20.1 75 1272 -13.6
680 3097 -22.4 75 1808 -14.7

Table A.7: Results of mixer tests carried out on 2011-06-14 for FSOI C-D2N1.
| T=36K, Ry =20.67 0 |

fro (GHz) | Ty (K) | Gg (dB) | dps (pm) | Ty (K) | Gg() (dB)
596 789 -14.6 75 602 -104
600 750 -15.3 75 557 -11.6
605 738 -14.5 75 567 -10.6
620 640 -14.1 75 493 -10.6
633 611 -14.4 36 531 -11.3
642 638 -15.0 36 556 -11.8
650 585 -14.6 19 557 -11.7
660 544 -14.5 19 518 -11.8
670 547 -14.4 19 520 -11.7
680 626 -15.3 19 594 -12.4
690 741 -15.7 19 703 -12.2
700 958 -16.7 19 907 -12.5
Measured on actual first step.
596 642 -13.0 75 451 -9.2
600 575 -11.0 75 399 -7.2
605 563 -12.3 75 398 -8.8

Table A.8: Results of mixer tests carried out on 2011-06-21 for FSOI F-D2N2.
| T=35K Ry =22370 |

fro (GHz) | Ty (K) | Gr (dB) | dps (pm) | Ty (K) | Gg(e) (dB)
602 1076 -15.4 75 714 -10.2
605 1059 -15.7 75 712 -10.7
610 833 -15.5 75 590 -11.4
622 634 -13.6 75 453 -10.0
634 455 -12.5 36 381 9.8
660 432 -13.5 19 407 -11.3
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ANCILLARY DATA OF INDIVIDUAL TESTED BALANCED

DEVICE

B.1 SUPPORTING DATA FROM BALANCED MIXER TESTS

Table B.1: Results of balanced mixer tests for FSOI Bal-B05.

T=35K, Ry =19.21 Q) & 20.75 Q)

fio (GHz) | Ty (K) | Gr (dB) | NR (dB) | G, (dB) T )
HDPE 460 ym | Zitex | WG groove
595 1169 -12.7 6.8 -5.5 1045 1028 961
605 1217 -12.2 6.5 -5.1 1120 1103 1053
615 1221 -12.3 2.6 -5.4 1157 1139 1097
625 1183 -12.8 9.0 -5.9 1147 1129 1076
666 1413 -13.5 - -4.4 1401 1377 1158
T=45K
595 1794 -13.9 8.5 -5.2 1616 1592 1502
605 1516 -13.3 7.8 -5.4 1401 1380 1319
615 1622 -13.8 6.6 -5.9 1540 1517 1462
625 1769 -14.4 6.9 -6.1 1719 1694 1620
630 1815 -14.5 - -5.9 1781 1755 1662
640 1859 -14.5 - -5.3 1848 1820 1668
650 1797 -14.5 3.5 -4.9 1797 1769 1557
660 1854 -14.9 8.8 -4.9 1848 1818 1546
666 1941 -14.8 - -4.6 1925 1894 1605
670 2033 -15.0 9.1 -4.5 2006 1974 1657
680 2172 -15.5 16.4 -4.6 2106 2072 1727
690 2348 -15.8 8.1 -4.6 2227 2191 1820
700 2995 -16.8 2.3 -4.5 2775 2730 2221

210
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Figure B.1: Measured noise temperature and DSB conversion gain of Balanced Bal-B05
and Bal-B07 across the operating RF bandwidth. The grey points corresponding to
the uncorrected values.
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Table B.2: Results of balanced mixer tests for FSOI Bal-B05, biased for testing it as a
single junction (B05b) device. Note that the other junction is simply terminated with a
50 ) load without changing in the optical arrangement, hence the 300 K noise from
the LO will be directly injected into the mixer.

T=43K, Ry = 20.75 Q

fro (GHz) | Ty (K) | Gr (dB) | Gg() (dB) Ty (K)
HDPE 460 ym | Zitex | WG groove | RF Hybrid
595 3074 -17.8 -4.7 2788 2741 2502 2113
605 3374 -18.4 -5.3 3138 3086 2883 2420
615 4176 -19.7 -5.9 3987 3921 3708 3094
625 4532 -20.2 -6.1 4413 4339 4059 3376
635 4283 -20.0 -5.8 4232 4159 3734 3114
642 4263 -20.0 -5.5 4245 4170 3613 3020
652 3919 -19.7 -5.0 3919 3847 3143 2637
660 4074 -19.9 -4.8 4062 3986 3128 2629
670 4074 -19.9 -4.7 4013 3936 3005 2526
682 4363 -20.0 -4.5 4226 4146 3148 2649
691 4719 -20.5 -4.6 4472 4386 3306 2778
696 4675 -20.5 -4.6 4385 4300 3192 2680
Table B.3: Same as Table B.2, but for FSOI Bal-B05a.
| T=43K Ry=19210 |
fro (GHz) | Ty (K) | Gr (dB) | Gg() (dB) Ty (K)
HDPE 460 ym | Zitex | WG groove | RF Hybrid
595 1389 -12.7 2.4 1246 1223 1119 948
605 1163 -13.1 -3.7 1070 1051 977 810
615 1716 -15.8 -5.4 1630 1601 1508 1242
660 3097 -19.9 -6.2 3089 3027 2307 1888
Table B.4: Results of balanced mixer tests for FSOI Bal-B07.
| T =45K, Ry =21.03 O & 19.00 O |
fro (GHz) | Ty (K) | Gg (dB) | NR (dB) | Gg() (dB) Tne) (K)
HDPE 460 ym | Zitex | WG groove
605 1279 -10.1 - -3.0 1178 1159 1093
625 1965 -17.4 - 9.1 1911 1879 1769
660 1733 -16.5 - -7.0 1728 1697 1396
675 1851 -16.6 - -6.6 1811 1779 1433
Table B.5: RSame as Table B.2, but for FSOI Bal-B07a.
| T=45K Ry =21.03Q |
fro (GHz) | Ty (K) | Ggr (dB) | Gg() (dB) T (K)
HDPE 460 ym | Zitex | WG groove | RF Hybrid
605 5471 -22.9 -8.4 5110 5016 4597 3668
640 4523 -22.0 -7.8 4503 4417 3763 3023
650 3491 -21.2 -7.6 3491 3422 2704 2165
660 4703 -22.0 -6.9 4688 4595 3490 2849
670 5618 -229 -6.9 5541 5430 4003 3268
678 5471 -229 -7.0 5341 5232 3811 3101
691 7504 -24.3 -7.2 7128 6984 5062 4120
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C.1 BEAM PATTERNS OF THE FIRST GENERATION 700 GHzZ HORN
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Figure C.1: Continued from Figure 2.7.
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Figure C.1: Continued from Figure 2.7.
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230 GHZ SCALABLE DESIGN

This appendix presents the designs of various unilateral finline SIS mixers centred
at 230 GHz. The purpose here is to demonstrate that planar-circuit-based SIS mixer
designs are easily scalable. Hence, these 230 GHz designs are mostly simply scaled-up
versions of those described in Chapter 4, 6 and 7. The dimensions of most of the RF
circuit components, especially the widths, remain similar to the 700 GHz design, except
the lengths are often longer by a factor of 700/230. Note that these designs have not
been fully optimised for highest performance and broadest operational bandwidth, but
were simply scaled from the 700 GHz design with minimum adjustments. Therefore,
there are scope for improvements. Nevertheless, the simulated performances were

reasonable, as good as conventional 230 GHz designs.

There are four different designs presented here: a single-ended, a balanced, a
sideband-separating, and a balanced-25B mixer design. All these designs utilised a
15 ym SOI substrate, with the same stacking topology as the 700 GHz counterpart,

and were designed to cover a frequency range from 180-260 GHz.

D.1 PERFORMANCES OF RF CIRCUIT COMPONENT

Since the design procedure had been discussed extensively in the main text, only the

HFSS simulated results for each of the passive circuit components are presented here.
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Figure D.1: Scattering parameters describing the performance of each circuit compon-
ent simulated using HFSS. In general, all components show good performance from
180 GHz to 260 GHz.
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For simplicity, only one notch was used to match the impedance of the waveguide to
the finline, and only the slotline-to-microstrip transition via CPW sections design was
used. The IF transformer was designed using a 9-stage transformer, giving an 8 GHz

wide IF bandwidth from 4-12 GHz, for the single-ended SIS mixer.
D.2 FULL MIXER CHIP SIMULATION

The following sections summarise the heterodyne performance for each mixer design,
simulated using SuperMix and HFSS, as described in Chapter 4. A simply layout is
attached alongside each section (except the balanced 2-SB design) to show the physical

layout of the final mixer chip.

D.2.1 Single-Ended Mixer Design
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Figure D.2: HFSS and SuperMix simulations showing the predicted behaviour of the
complete single-ended mixer chip design, with the following settings: bias voltage at

2.2 mV, IF frequency at 8 GHz, and RF frequency at 230 GHz.
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Figure D.3: The layout of the single-port SIS mixer chip.
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Figure D.4: SuperMix simulations showing the predicted behaviour of the complete
balanced SIS mixer chip design. The simulation was carried out with the following

settings: bias voltage at 2.4 mV, IF frequency at 5 GHz, and RF frequency at 220 GHz.

Figure D.5: The layout of the balanced SIS mixer chip.
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D.2.3 Sideband Separation Mixer
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Figure D.6: SuperMix simulations showing the predicted behaviour of the complete

sideband separating SIS mixer chip design. The simulation was carried out with the

following settings: bias voltage at 2.4 mV, IF frequency at 4 GHz, and RF frequency at
220 GHz.
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Figure D.7: The layout of the sideband separating SIS mixer chip.
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D.2.4 Balanced with Sideband Separation Mixer
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Figure D.8: SuperMix simulations showing the predicted behaviour of the complete
balanced with sideband separating mixer chip design. The simulation was carried
out with the following settings: bias voltage at 2.4 mV, IF frequency at 5 GHz, and RF

frequency at 220 GHz.
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