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Abstract

This thesis focuses on the development of superconducting planar compo-
nents for the CCAT Heterodyne Array instrument (CHAI). Planned to oper-
ate in two bands simultaneously, CHAI will feature two independent 64-pixel
arrays covering 455 — 495 GHz (Low Frequency Array) and 780 — 820 GHz
(High Frequency Array). The basic unit composing the arrays are 4-pixel
waveguide blocks, fabricated in split block technology and designed to house
four planar mixers fabricated on silicon substrates, which are suspended in-
side waveguide cavities. Each 4-pixel block also contains the local oscillator
distribution network. The two topics of this thesis are the development of a
power divider based on superconducting planar chip technology to perform
the 1-to-4 power division for the LFA and the design of an integrated bal-
anced mixer for the HFA. For the power division, a total of five different
power dividers were designed in planar technology and fabricated in the I.
Physikalisches Institut (Ph.I) microstructure fabrication laboratory. The in-
dividual components of the balanced mixers for the HFA have been designed
and simulated, but could not be manufactured yet due to time constraints.

Due to the impossibility of Vector Network Analyzer(VNA) measurement
to characterise the power dividers fabricated in this work, the SIS junctions
found in the Integrated BAlanced MIxer (IBAMI), the mixer of choice for
the LFA, are used as power detectors. The experimental setup is then com-
posed of two IBAMI connected by waveguides to the power divider’s outputs.
This configuration has the advantage that it represents half of the 4-pixel
block for CHAI, allowing for testing the components meant to populate the
LFA in a simpler setup. This setup allows only for power division measure-
ments with no possibility for direct measurement of the reflections at the
waveguide ports of the power divider. Four units of the 2-pixel test block
were fabricated in the mechanical workshop of the I. Physikalisches Insti-
tut. Three of the blocks have beamlead pockets to reduce the wear on the
beamleads and the chips.

The fabricated power dividers were based on 90° hybrids and a Wilkinson



power divider. The experimental and simulated results showed how the trans-
mission to the junctions in the IBAMI mixers is affected by the phase differ-
ence between the power divider outputs and the phase difference introduced
by the coupler in the balanced mixer. Of the five power dividers fabricated
only the Wilkinson power divider has the highest potential to achieve a bal-
anced power division. Furthermore, it is concluded that the best choice of
components for a heterodyne array is in-phase power dividers, such as the
Wilkinson power divider, in combination with balanced mixers based on 180°
couplers
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Chapter 1

Introduction

1.1 Brief history of astronomy of the interstellar medium

The study of the interstellar medium is a relatively young branch of as-
tronomy (~ 19th Century ). The first intentional discovery was only en-
abled by the development of spectroscopy when William Huggins, in 1864,
observed the spectra of the Orion nebula and proved it was a cloud of
gas |[Huggins, 1864]. Later, in 1899, Edward Barnard discovered dark re-
gions in pictures of the Milky Way and hypothesized that the background
starlight was blocked by an interstellar cloud [Barnard, 1899]. Support for
this came from the work of Johannes Hartmann in the study of the spectra
of d—Orionis. In 1904 he noticed that the spectra of the system had a par-
ticularity, the calcium lines did not share the motion-induced shifts of the
other spectral lines. This fact led to his realization that the calcium lines
were not a feature of the star system but rather external; the Lines were
caused when the radiation from 0—Orionis passed through an external cloud
of gas along the line of sight [Hartmann, 1904]. The next important con-
tribution came in 1909 from the hand of the Dutch astrophysicist Jacobus
Kapteyn, where he proposed the existence of gas in regions of space and it
would produce "space lines" that did not share the motion characteristics
of star lines [Kapteyn, 1909]. The same year Vesto Slipher would find ev-
idence supporting Kapteyn’s hypothesis when he discovered more calcium
lines in the spectra of stars in Scorpion, Orion, and Perseus [Slipher, 1911].
Slipher contributions to the understanding of interstellar medium did not
stop there, in 1912 he discovered the first reflection nebula in the Pleiades.
He noticed that the nebula was shining only by reflecting the radiation from
the star Merope; This discovery led him to conclude the existence of dust in
the interstellar medium [Slipher, 1912].

Subsequent advancements in the study of the ISM came with the discovery

15



16 1.1. Brief history of astronomy of the interstellar medium

of quantum mechanics at the dawn of the 20th century. Two of the most
important theoretical advancements were: the black body radiation law, de-
veloped in 1900 by German physicist Max Planck [Planck, 1901] and the new
theory of Quantum mechanics, developed between 1920 and 1930. This new
theory was able to explain the black body continuum emission from dust as
well as the line emission from atoms and molecules.

Ira Bowen put this new theory to use when, in 1927, explained the hypothet-
ical Nebulium lines as forbidden transition lines from [OIII| [Bowen, 1927].
A few years later, Karl Jansky detected the first extra-solar source of ra-
dio waves [Jansky, 1933] in 1932. This event marked the birth of Radio
astronomy. Before this milestone, physicists thought that the Ionosphere
would block any extraterrestrial radio waves, hence, no efforts were made
to observe in these frequencies [Ghigo, 2023|. Even though Jansky’s dis-
covery marks the birth of radioastronomy as its own branch of astronomy,
prominence to it would arrive after WWII. When Harold Ewen and Edward
Purcell, in 1951, observed the 21 ¢m hydrogen line [Ewen and Purcell, 1951],
[Hellwig et al., 1970], predicted in 1944 by Dutch astronomer Hendrik van de
Hulst [van de Hulst, 1945]. This observation was of paramount importance
as its observations shone light on the spiral structure of the Milky Way. Fur-
ther development of the structure of the galaxy came in 1970 with the de-
tection of molecular Hydrogen Hy by George Carruthers |[Carruthers, 1970],
and more importantly, carbon monoxide CO by Arno Penzias and Robert
Wilson [Wilson et al., 1970].

Molecular hydrogen lacks a permanent dipole moment, hence its direct obser-
vation must be based on the weak quadrupole spectrum (mid-infrared) and
the high electronic transitions (UV). These transitions are too energetic to be
significantly excited in the cold ISM, where the temperature is around 10 to
15K. Here is where CO states its importance. Even when its abundance in the
interstellar medium is not as great as molecular hydrogen|[Williams, 2003],
CO rotational transitions are easily excited in the cold medium. For ex-
ample, the lowest transition of 2C!0 is at f = 115.27120 GHz and has
an associated excitation temperature of 5.5 K. Around this time, it was
when the first models of the ISM were conceived after years of observation of
atomic and molecular species in the ISM. Astronomers George Field, Donald
Goldsmith, and Harm Habing proposed the first model of the ISM in 1969
[Field et al., 1969] where radiative cooling is balanced by cosmic ray heating.
This model had success in describing the physical conditions in neutral atomic
phases both cold and warm. Eight years later a three-component model of
the ISM was proposed by astronomers Christopher McKee and Jeremiah Os-
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triker where the ISM is regulated by the Supernova explosion. In this model
the ISM is classified by temperature with cold ISM, warm (including neu-
tral and ionized), and hot ISM |[McKee and Ostriker, 1977]. In 1985, after
observations of massive star-forming regions in Orion and M17, astronomers
Alexander Tielens and David Hollenbach proposed a model of Photo disso-
ciation regions (PDR) [Tielens and Hollenbach, 1985]. This model attains
mostly neutral gas in the ISM where far ultraviolet (FUV) photons play a
significant role in the heating and chemistry of the region.

Even though astronomy is a very old discipline of human knowledge, most
of the advances have been made in the last 200 years. Astronomers are lim-
ited by what they could observe. Progress was only possible with the help
of new technological advances. Newer theories could only be corroborated
by the observations and experiments made with the proper instrumentation.
Nowadays Astronomers push the technical limits of telescopes and detectors,
requiring improvements in speed, sensitivity, and frequency of operation. A
prime example of this is the Atacama Large Millimetre/submillimetre Ar-
ray (ALMA) [ALMA, | and the new generation of telescopes|Tyson, 2002
Giisten et al., 2000], Swetz et al., 2011}, [Johns, 2006]. ALMA with its 10 sin-
gle pixel bands achieves sensitivities that are approaching the physical limit
(detailed in section in the millimetric and submillimetric range [ESO, 2022].
Not only single-pixel instruments are being pushed to the limit, but develop-
ments in multi-pixel array instruments demand an increase in the number of
pixels. The I. Physikalisches Institut of the University of Cologne has been
at the forefront of the development of heterodyne arrays, taking part in the
development of heterodyne instruments. Examples of these are the mixers for
Band 2 of the HIFT receiver [Pilbratt et al., 2010, |de Graauw, Th. et al., |,
The GREAT [Heyminck et al., 2012] and upGREAT|Risacher et al., 2016]
receivers the Stratospheric Observatory for Infrared Astronomy (SOFIA),
|[Krabbe, 2000], [Young et al., 2012, [Risacher et al., 2017] and the SMART re-
ceiver the NANTEN2 telescope [Kawamura et al., 2005, (Graf et al., 2002].
Now, the I. Physikalisches Institut is involved in the development of the
CCAT-prime Heterodyne Array Instrument (CHAI), which with its dual-
band operation with 64 pixels per array represents a significant step forward
from the current state-of-the-art instruments.



18 1.2. Radiation and absorption of photons by matter

1.2 Radiation and absorption of photons by matter

This section presents the main radiation mechanism of astronomical sources
concerning this work and proceeds to give a brief explanation of it. An
extensive explanation of all the other possible mechanisms of radiation by

astronomical sources can be found in [Wilson et al., 2009] and
|[Rybicki and Lightman, 1985].

An absorber X (an atom or molecule) can transition between energy levels
E, and E, (E, < E}) by the absorption or emission of a photon of energy
hf = AE = E, — E,. The probability per unit of time to undergo such
transition is determined by the Einstein coefficients [Einstein, 1916, where
these coefficients are an intrinsic property of the atom or molecule..

The absorption process involves the upward transition of X from energy level
E, to E} by absorption of a photon of energy hf = AFE, whose probability
is determined by the coefficient B,,. This process is summarized as

Xa+hf—>Xb. (11)

The emission of a photon happens when the particle X is in energy level E}
and transitions towards the lower energy level E,, emitting a photon in the
process. This decay can happen through spontaneous emission where

Xb —)Xa—l-hf, (12)

where the probability of a spontaneous photon emission per unit of time is
determined by the coefficient Ap,. A second process of decay is stimulated
emission, where [Einstein, 1916] set the condition that photons of identical
frequency, polarization, and direction of propagation must already be present,

Xp+hf — X,+2hf, (1.3)

whose probability per unit of time is determined by the By, coefficient. Both
processes of absorption X, — X, (Bg) and stimulated emission X, — X,
(Bpa) transitions depend on the density of photons in the background. In
contrast, the spontaneous emission (Ay,) is independent of the presence of
a radiation field. In local thermodynamic equilibrium these coefficients are
related by the following equations [Einstein, 1916]
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where g, and g, the statistical weights of the states.

Particular to the case of this thesis are the mid to low CO rotational lines and
the low carbon (|CI]) atomic lines, since are the intended observational tar-
get of CHAL [Simon et al., 2019| argues about the importance of observing
these lines serve as tracers for dark and warm molecular gas. Their simulta-
neous observations in a multitude of environments are a missing piece in the
understanding of the stellar feedback in the ISM. The set of spectral lines is

e CO J =4 — 3 transition, f :461.08 GHz.
e [C 1] 3P;—3Py transition f : 492.16 GHz.

e CO J =17 — 6 transition, f : 806.76 GHz.
e [CI] ®Py—3P; transition f : 809.34 GHz.

1.2.1 Black-body Radiation

The Planck spectrum describes the electromagnetic radiation emitted by a
black body at temperature T". A black body is a theoretical body that absorbs
all incident radiation, regardless of frequency or direction of incidence, and its
spectral radiance is purely a function of its temperature. Eq. shows the
relationship between a black body’s spectral radiance at a given frequency,
B(f,T), and its temperature T', where h is the Planck constant, ¢ is the
speed of light in the medium and kp is the Boltzmann constant

S (1.6)

The peak of the function can be found through the first derivative of the
plank function. The resulting expression is known as Wien law (Eq.
and depicts how the maximum moves towards shorter wavelengths, with
increasing body temperature (Fig. [1.1]).

b
Apeakj — f’ (17)
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Figure 1.1: Black body spectral radiance for several temperatures [Ward, |. Here
Wien’s displacement law can be seen in the maxima of the spectra of bodies at
different temperatures.

with Apeqr, the wavelength of maximal radiance, T' the body’s temperature,
and b = 2.8977 - 103m - K the Wien’s displacement constant.

When it comes to the spectrum of a real body, it approaches the spectrum
of a black body at the same temperature, this is because real bodies are not
completely opaque and are not in thermodynamic equilibrium. One example
of this is shown in Fig. for the Sun’s surface with the measured spectrum
approximating the emission spectrum of a 5777 K black body.

1.3 Detectors for Radioastronomy and the need for ar-
rays

The sensitivity of a receiver is one of its most important characteristics, it
defines the weakest signal that can be distinguished from noise. It directly
impacts the noise temperature (o,,5) and the Signal-To-Noise ratio (SNR)
of an observed signal. The SNR can be defined as

Psi na
SNR = PL_Z, (1.8)

where Pjignq and Pse are the power of the signal and noise, respectively.
For astronomical sources in the Rayleigh — Jeans limit (hf < kgT'), the
intensity of an astronomical signal is directly proportional to the physical
temperature of the body it radiates it (Psignat < Tsre). On the other hand,
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Figure 1.2: Solar spectrum [user Sch, | Igbal, 2012]. The total power irradiated by
the sun is equivalent to a 5777K black body. The irregularities in the solar spectra
can be explained by the fact that the sun is not a homogeneous ideal black body.

the noise power can be expressed as |Dicke, 1946, Wilson et al., 2009|

Ts s
Orms = — (1.9)

VAT

with Ty, is the system temperature, 7 is the integration time of the obser-
vation and Af is the detector bandwidth. Hence, the SNR can be expressed
as

SNR = Lore _ §ST6\/TAf, (1.10)

Orms sYs

where T, is the temperature of the source. Here Ty, represents the signal
intensity that would produce an equivalent response in the receiver as the
noise, it hence directly limits the sensitivity of the receiver, and it is the only
other parameter, aside from the integration time 7, that can be modified
to increase the SNR. The other parameters Ty,. and Af are defined by the
observation’s source and scientific objective respectively. The T, is defined

by the noise temperature of the receiver plus the contributions of the sky
|[Wilson et al., 2013|. eq 8.29

Tsys = Tr + Tatmnl(]- - e_TOX(Z)) + Tamb(]- - 771) ) (111)
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Figure 1.3: A basic example of the heterodyne principle: here the Radio frequency
signal and Local oscillator are used to generate a new signal with frequency |Fro —

Frr|

where, T, is the receiver noise temperature, T,;,, is the effective temperature
of the atmosphere, T},,; is the ambient temperature, n; is the feed efficiency,
7o the zenith optical depth and X(z) is the air mass at zenith distance z.
This means that T§,, can be reduced by decreasing the noise temperature
of the detector itself and reducing the effect of the atmosphere. The former
parameter is addressed by optimizing and increasing the sensitivity of the
detector itself, meanwhile, the latter is reduced by choosing an appropriate
location for the observatory, in terms of opacity, this is explored later in the
next section of this chapter.

The sensitivity limit of a detector depends on whether it performs coherent
or incoherent detection. Coherent detectors measure both the amplitude
and phase of the incoming radiation, meanwhile, incoherent detection only
measures the amplitude. At lower frequencies up to the centimeter range (~
30 [GHz]), coherent detection can be performed by an amplifier. At higher
frequencies, coherent detection can only be carried out through the use of
the Hetedoryne principle invented by Reginald Fessenden |Personnel, 1973]
in 1904. This principle works by mixing the astronomical signal (RF) and a
reference pump signal, called the Local Oscillator (LO), to generate a signal
whose frequency is the difference between the frequencies of the RF and LO;
This signal receives the name Intermediate Frequency (IF) signal (Fig. [1.3).
The core element of this process is the Mizer, whose nonlinear characteristics
enable the generation of the IF signal.

The sensitivity of coherent detectors is usually, measured in Noise Temper-
ature (7)), which is the equivalent temperature a resistor would require to
produce thermal or Johnshon-Nyquist noise power equivalent to the one the
detector is producing. This term comes from the fact that in the Rayleigh-
jeans approximation, the available noise power spectral density from a resis-
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tor at physical temperature 7}, is

Proise = kp - T, (1.12)

thus, this leads to the definition of the noise temperature 7,

(1.13)

Where kp is the Boltzmann constant, P, is the noise power per Hertz
at the input of the detector. For a coherent detector, the minimum noise
temperature is

T > ——, (1.14)

and it is a consequence of the Heisenberg uncertainty principle, due to mea-
surement of both the amplitude and phase of the incoming radiation. On
the other hand, incoherent detectors are not subject to this limit given that
they only detect the power of the incoming radiation and their sensitivity
is measured by the Noise Equivalent Power or NEP of the detector. NEP
refers to the input signal power that would produce a response equivalent
to the noise in the detector. It is usually quoted after detection averaging
in a filter of 1 [Hz| bandwidth [Harris, 1990] and it has units of [W/v/Hz).
The sensitivity limit of an incoherent detector is set by the fluctuations of
the source, most sensitive incoherent detectors are called background limited
when the noise of the source is larger than the noise of the detector.

An important consideration is that incoherent detectors need a filter to select
the frequency of the incoming radiation to detect. The signal filtering must
balance between frequency discrimination and available power for detection

(SNR).

Comparison between the sensitivity of heterodyne and incoherent receivers
can be done by converting the noise temperature of a heterodyne receiver to
NEP using the equation [1.15

NEP =ky-T, - /Af (1.15)

For a conventional single sideband heterodyne receiver, the relation is ex-
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pressed as

NEP = ky - 2T, - /A frr (1.16)

From a theoretical point of view, incoherent detectors have the sensitivity ad-
vantage over heterodyne receivers, since they do not have an intrinsic limit.
In our case, this could reduce the system temperature and decrease the ob-
serving time. However, the implementation of the required frequency filters
is not practical. For example, the upGREAT instrument achieved a fre-
quency resolution > 107 in the 1.9 — 2.5 THz range. To achieve the same
spectral resolution with a grating spectrometer, it must be considered that
its resolution is proportional to the number of slots/gratings with the dis-
tance between them being A (for the first diffracted peak), resulting in a very
large spectrometer (1200 m). The other possibility is using a Fabry-Perot
interferometer to filter the incoming signal, which would be hard to imple-
ment due to the resolution required. Additionally, the narrower the filter, the
more photons are rejected resulting in a loss of sensitivity, hence Fabry-Perot
interferometers are used for very bright sources.

This means that, for single-pixel receivers, there are only a few possibilities to
reduce the observing time for a desired SNR level. This is particularly oner-
ous when considering the mapping of distributed sources since the switching
and calibration times have to be added to the observing time. The only
way to solve this is by increasing the number of pixels, this would reduce
the mapping time of distributed sources bypassing the limitation set by the
single-pixel sensitivity.

1.4 Atmospheric windows and locations for earthbound
telescopes

As mentioned in the previous section, the atmosphere directly influences as-
tronomical observations. Aside from atmospheric emission, which contributes
to the noise, there is also atmospheric absorption. This absorption decreases
the intensity of the source even completely absorbing it. The Atmospheric
windows refer to the frequency ranges where the opacity of the atmosphere
is the lowest: They are comprised of the visible range, the near-infrared and
millimetre wave range, and the radio spectrum. Figs. and [1.5] depict this
phenomenon in two different ways. Fig[l.4] shows the height at which half
of the radiation is absorbed across frequency. Meanwhile, Fig/[I.5] shows the
opacity across the wavelength of light.
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Figure 1.5: Atmospheric opacity [Nasa, 2008]. From this graph, the atmospheric
window can be seen, only visible, radio and to some extent, microwave radiation can
be observed from the earth’s surface.

The only possible way to reduce atmospheric absorption is to locate the ob-
servatories in high and dry places. The latter requirement is particularly
important for observatories that observe millimetre and submillimetre radi-
ation as water vapor is the main absorption gas present in the atmosphere
in those frequency ranges. The Chajnantor plateau in northern Chile is one
of the best places for astronomy in the world. Its location in the high Andes
mountains (over 5000 above sea level) and latitude (Atacama puna) results
in a transparent atmosphere even in the millimetre and submillimetre range
as shown in Fig. [[.6] These conditions attracted many observatories, among
those are the Atacama Large Millimeter /submillimeter Array (ALMA), The
Atacama Pathfinder Experiment (APEX) and the Atacama Cosmology Tele-
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Figure 1.6: Atmospheric conditions on Chajnantor at different precipitable wa-
ter vapour values at the llano Chajnantor (Left) and Cerro Chajnantor (Right)
[Bustos et al., 2014 [Pardo et al., 2001]. The molecular lines of interest for the
GEVO science case are labelled. It can be seen how the peak altitude offers a bet-
ter transmission characteristic than the plateau, especially for the higher frequency
lines. This justifies the efforts to place an observatory at such altitudes.

scope (ACT). Even though the qualities at the plateau are excellent, there
are still better places from an observational point of view. One example is
the neighbouring Chajnantor peak (5,612 m.a.s.l) that exhibits an even bet-
ter atmospheric transmission, shown in Figl[l.6] By the time of this writing,
two telescopes are being built on this peak to take advantage of such good
conditions; A 6.5 meter infrared telescope belonging to the Tokyo University
Atacama Observatory (TAO) and the Fred Young telescope belonging to the
Cerro Chajnantor Telescope Prime observatory (CCAT-prime).

Airborne and space telescopes are also a possibility, though their cost and
lifetime become limiting factors. Prime examples of airborne observatories
are SOFIA [Becklin, 2005] and KAO [Erickson, 2017]. Other types of air-
borne observatories are balloon-borne telescopes. They suffer from limited
power and equipment due to weight considerations. Another potential prob-
lem with balloon-borne telescopes is data recovery as there may be problems
with the landing procedure and the impact may damage the data storage
units. In the case of Space telescopes, the required human and monetary
resources are vast for a project with a limited lifetime.

1.5 CCAT observatory

The CCAT-prime consortium consists of Cornell University, the University of
Cologne, the University of Bonn, Max-Planck-Institut fiir Astrophysik, and
the Canadian Atacama Telescope Consortium (CATC) [Consortium, |. This
consortium is responsible for the CCAT-prime observatory and its telescope is
the Fred Young Telescope (FYST), named after Fred Young, whose generous
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Figure 1.7: Left: 3D render of the Telescope Credit: Vertex Antennentechnik

GmbH. Right:Crossed-Dagone off-axis optics|Niemack, 2016]

donations made the project possible. It features a six-meter off-axis crossed-
Dagone design and a novel AZ-EL mount |[Niemack, 2016, CCAT-prime, a
and a surface accuracy 10um (7 pum goal) (Fig. and it is designed as a
surveying observatory.

The scientific goals of the observatory are |[CCAT-prime, ¢

e Surveys of Kinetic Sunyaev-Zel’dovich effect [CCAT-prime, bj.
The Sunyaev-Zel-dovich effect is a cosmological phenomenon involving
distortions of the CMB photons caused by interactions with the hot
interstellar medium (Inverse Compton scattering).

e Intensity Mapping of [CII] from the Epoch of Reionization
(IM/EOR) |Riechers, |. Intensity mapping is an observational technique
to survey large-scale structures of the universe. Spectral line intensity
mapping yields spatial information, allowing the study of the process
of structure formation and the absorption/emission fluctuations can be
used as a probe to study the dark matter density variations. This sur-
vey will address these objectives by observing [CII| fine line at 158 pum
redshifts z = 6 — 8, whose brightness and the fact that is a tracer of
star formation, allows direct mapping of the sources of reionization.

e Galactic Ecology of the Dynamic Inter Stellar Medium (GEco)
[Simon et al., 2019] The study the process of star formation and how
it is affected by its environs demands the analysis of the fine spectral
lines of [CI] as well as medium /high excitations of CO. These species
are agents of cooling in star formation clouds so they act as tracers of
the process carried out in molecular clouds.
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The University of Cologne is currently developing the instrument to address
the GEco science case. This instrument is the CCAT-prime Heterodyne
Array, and it is detailed in the next section. The University of Cologne will
also develop an MKID camera to address the IM /EOR science case led by
Prof. Dominik Riechers.

1.6 CCAT Heterodyne Array Instrument (CHAI)

The CCAT-prime Heterodyne Array Instrument (CHAI) is a modular, dual-
frequency band array receiver conceived to operate in simultaneous observa-
tion with its two bands, each with 64 pixels. The bands are named as the
Low-Frequency Array (LFA) intended to observe the CO J =4 — 3 and [CI]|
3P1-3Py transitions meanwhile the High-frequency Array (HFA) will observe
the CO J = 7 — 6 and [CI| 3Py-3P; transitions. The specifications set for
these arrays are listed in table

Both the LFA and HFA consist of 64 pixels in a square array. This array
is assembled from 16 4-pixel blocks, arranged in 2 stacks of 8 blocks each.
Since these are heterodyne receives, each mixer requires a local oscillator sig-
nal to perform the frequency down-converting. The natural approach would
be to have a dedicated LO source for each mixer. This method is the most
expensive and blunt solution; it comes with the difficulties of locking all LOs
to the same reference and the possible interference between them. Hence,
this alternative is discarded. This prompts the development of a LO distri-
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Table 1.1: Requirements for the LFA and HFA band of CHAI

Sepecification LFA HFA
Frequency range |GHz| 455 — 495 | 780 — 820
Noise Temperature Tpsp [K] | < 100 < 200
IF band [GHz] 4—-38 4—38
Resolution [kHz|/[km/s] 100/0.06 | 100/0.04
Velocity coverage [km/s| 2500 1500
Beam size |"| 26 15
Field of view ['x’] 7TH5x 75 | 45x45

bution network that would allow for the optimum mixer operation. Before
detailing the chosen LO distribution scheme for the LFA, a brief review of
contemporary array receivers is given to see the approach taken to solve the
LO distribution conundrum.

1.6.1 Modern Heterodyne receiver arrays

The first heterodyne array arose in 1988, it was an 8 Schottky diode array,
developed by NRAO at Kitty Peak, Arizona [Payne, 1988]. It took a decade
after the second array was developed.

BEARS (25-BEam Array Receiver System) was developed by NAOJ for
operation on the 82 — 116 GHz band in the year 2000. Bears featured SIS
mixers in a DSB configuration [Sunada et al., 2000].

PoleStar is a receiver developed by the University of Arizona. It was a
2x2 SIS array, designed to operate at 810 GHz [Walker et al., 2001]. The
LO distribution and coupling with the RF signal are done by quasi-optical
means.

HERA is a 9 SIS pixel array for observations between 215 — 270 GHz de-
veloped by IRAM. It was arranged in a 3 x 3 array where the LO division
was achieved by a waveguide power splitter [Schuster et al., 2004].

SMART is a dual-band SIS receiver developed at KOSMA. It features a
2 X 4 array operating in the 460 — 490 and 800 — 880 GHz bands. In this
receiver, the LO distribution and LO-RF coupling were achieved by quasi-
optical means.|Graf et al., 2002]

CHAMP receiver |Giisten et al., 1998], originally a 4 x 4 pixel array was
upgraded to CHAMP™ in 2007[Kasemann et al., 2006]. CHAMP™ featured
two 7 pixel arrays at the 450 and 350 pm bands, where the LO 67distribution
was achieved by collimating phase gratings|Graf and Heyminck, 2001].
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DesertStar is a 7-pixel detector developed by the University of Arizona.
The 7 pixels are SIS mixers in a hexagonal array, where the LO multi-
plexing is done through quasioptical means using a reflective phase grating.
|Groppi et al., 2003].

HARP is a receiver developed by the University of Cambridge in collabora-
tion with other European and North American institutes. It has a 4 x 4 SIS
mixer array where the LO is coupled through quasi-optical means. The LO is
injected in a LO meander structure with a load at the end.[Buckle et al., 2009].

SuperCam is an 8 X8 SIS heterodyne receiver developed by the University of
Arizona. This array was conceived for observations in the 870 um window.
The LO coupling to the mixers is done by quasioptical means using the
same scheme of using the LO meander structure as the HARP receiver
|Groppi et al., 2009].

IRAM developed heterodyne arrays for the 2 and 3 mm bands. The 2mm
receiver is a 1 x 4 pixel receiver and the 3mm band is a 5 X 5 array. For
both these arrays, the LO coupling was achieved by waveguide 90° coupler
[Fontana et al., 2010, [Fontana et al., 2012].

Argus is a 4 x 4 pixel array developed for observations in the 85 — 116
GHz band. It features Schottky diode mixers and the LO distribution was
performed by a combination of multi-layer printed circuit boards and coaxial
technology [Sieth et al., 2014].

upGREAT, the upgrade to the receiver Great, designed to operate at the
Stratospheric Observatory for Infrared Astronomy (Sofia). It was designed
for operation at 1.9 and 4.7 THz, with 2 x 7 and 7 pixels arrays, respectively.
The LO distribution was based on beam splitters |[Risacher et al., 2017].

NAOJ proposed in 2020 a 2 x 2 SIS array to be operated in the 130 — 160
GHz frequency range. This array features a double polarization receiver

based on SIS mixers and has a waveguide LO distribution network based on
90° couplers [Shan et al., 2020].

GUSTO is a dual band instrument designed to observe the 1.47 and 1.9
THz bands. each band consist of a 2 x 4 rectangular array. The LO division
is achieved by the use of a phase grating [Mirzaei et al., 2021].

1.6.2 LO distribution for the LFA

The most common strategy used for distribution and coupling the LO power
to the array of mixers are quasi-optical methods, like by phase gratings, or
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Figure 1.9: 4-pixel block and the main components therein. The LO power is
received from the back of the block, and it is subsequently divided by three power
dividers in a cascade configuration and delivered to the mixers. The mixers down-
convert the RF signal received from the F-CHARM optic block and deliver the IF
signal from the back of the blocks. The signal is subsequently amplified by the LNA
array behind the mixer blocks.

a Martin-Pupplet diplexer [Walker et al., 2001}, |Graf et al., 2002|

|Groppi et al., 2003, Buckle et al., 2009|,|Grat and Heyminck, 2001

|Groppi et al., 2009, Risacher et al., 2017|. Fewer arrays have the LO divi-
sion performed in waveguide technology with the number of pixels being
under 10 pixels and the frequency range not surpassing 300 GHz

[Schuster et al., 2004], [Fontana et al., 2010} [Fontana et al., 2012]

[Shan et al., 2020]. CHAI intends to develop the entire LO distribution net-
work in waveguides to come to a compact array of 64 pixels. The high fre-
quency means that the dimensions of the waveguide components are under
Imm. This means that the feasibility of construction is now an important

consideration for the success of the fabricated component. This consideration
is even more critical with the HFA components.

The CHAI developments start with the Low-Frequency Array (Table
because the lower frequency band eases the fabrication of components. In-
tegrated balanced SIS waveguide mixers([Westig, 2013]) have already been
developed in our group. The LFA array comprises 16 blocks stacked in two
columns of 8 blocks each. This individual block constitutes the basic ele-
ment of the array and 1 x 4 pixels (Fig[l.9). For the LO power division, the
requirements are set by the most basic block, in this case, the 4-pixel block
the set that 1 to 4 power division must be achieved.




32 1.7. Frame and scope of this thesis

1.7 Frame and scope of this thesis

This thesis finds itself embedded in the efforts of the I. Physics Institute
of the University of Cologne of developing the CHAI receiver. During this

thesis, the overall efforts were concentrated on delivering the LFA for the
FYST telescope’s first light.

In this frame, the scope of this work is twofold. First, is the design and test
of a power divider to be used to achieve the 1-4 power division necessary for
the 4-pixel block. The second objective concerns the preparations for the
development of the HFA. It consists of the design of all components required
for the 4-pixel blocks of the HFA array, that being the integrated balanced
mixer and the LO power dividers.

This thesis consists of 6 chapters, including the present one. The layout of
the thesis is as follows.

e Chapter 2 lays the theoretical background required to understand the
working principles used in the design and test of the power dividers and
design of the mixer for the HFA.

e Chapter 3 presents the design process of the components required for
the LFA power divider and the HFA mixer.

e Chapter 4 presents the experimental methods and equipment used to
characterize the LFA mixers and power dividers.

e Chapter 5 shows the measured results and their interpretation.

e Chapter 6 presents the conclusions of this work and lays the ideas on
how to expand the work here presented.



Chapter 2

Background and theory

This chapter presents the theoretical background required to understand the
choices taken in the design of the superconducting devices. This chapter
can be divided into two main parts: The superconductivity part and the mi-
crowave part. The first part starts with a brief historical review of supercon-
ductivity, its discovery and the first attempts at a phenomenological descrip-
tion by the London brothers. It follows the non-local generalization made by
A. Pippard and the Barden-Cooper-Schrieffer (BCS) microscopic theory of
superconductivity. It continues with the application of the BCS theory for
the calculation of the superconducting thin film properties in the microwave
regime and a brief description of Superconductor-Isolator-Superconductor
(SIS) tunnel junctions. The second part starts with the Maxwell equations
and their application to transmission line theory. Then it introduces the S
and Z- -network parameters and basic mixers architecture. The chapter ends
with a description of the performance parameters of a heterodyne receiver.

2.1 Superconductivity

Superconductivity is an important topic for the work developed in this the-
sis as its properties allow for the operation of all devices contained in this
work. The fabrication and optimization of the superconducting materials are
handled by the personnel that fabricate the devices in the micro-structure
laboratory of the institute. The superconducting materials of choice are Nio-
bium (Nb) and Niobium Titanium Nitrate (NbTiN) due their gap frequencies
(more details in sec2.1.3). The framework provided by the BCS theory is
required for the calculation of the surface impedance of thin Nb and NbTiN
films in the 400 and 800 GHz ranges. The description of the theory of super-
conductors is mainly based on [Tinkham, 2004] and [Annett, 2004]. Addi-
tionally, a thorough and comprehensive review of the literature surrounding

33



34 2.1. Superconductivity

01
§ M
[0}
o
& 0.05
@
3
vz . Tc=9.2K
OMI 1 1 1 1 1 1 1 |

5 10 15 20 25 30 35 40 45 50
Temperature [K]

Figure 2.1: Measured resistance as a function of temperature for amorphous Nio-
bium on Silicon. It can be seen how at temperatures well above the critical tempera-
ture of 9.2 K the Nb follows the normal metal resistivity function, which is governed
by the phonon scattering of electrons. At the critical temperature, the resistivity
sharply decreases to mf). The Nb film is fabricated in the micro-structure of the I.
Physical Institute of the University of Cologne.

superconductivity can be found in [Westig, 2013].

2.1.1 Discovery and phenomenological hallmarks

The phenomenon of superconductivity was discovered by the Dutch Heike
Kamerlingh Onnes, the first to liquefy Helium. He studied the resistance
of solid mercury at cryogenic temperatures and noticed that at the point
at which the mercury had reached 4.19 K, the resistance vanished abruptly
|[Kamerlingh Onnes, 1911]. What happened there is that mercury experi-
enced a phase transition to the superconductor state when it reached its
critical temperature 7T, of 4.2 K. This discovery earned Kamerlingh Onnes
the Nobel prize in 1913 and started the study of superconductivity.

The zero resistance is the first hallmark of a superconductor. The second
one is the expulsion of the magnetic field from a superconductor the moment
the phase transition to the superconducting state occurs. It was discovered
by the German scientists Walther Meifiner and Robert Ochsenfeld in 1933
[Meissner and Ochsenfeld, 1933].

2.1.2 The London equations and the two-fluid model

The London equations are the first attempt to describe the demeanour of
electromagnetic fields in the superconductor and their relation to the super-
conducting currents [London et al., 1935]. They are based on the classical
Drude model of conductivity [Drude, 1900a], [Drude, 1900b| assuming the
existence of superconducting electrons with an infinite free path in the ma-
terial. The classical Drude model proposes that the motion of electrons
is influenced by the Lorentz force and the collisions with the atom cores.
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The collisions between the electrons and atom cores provide a term that is
responsible for the resistance observed in a material. These collisions are
summarized as a scattering term with a finite relaxation time or mean time
between collisions.

MmeT

mer = —q.E — (2.1)

T

For the superconductor case, it is assumed that there exist a population
of electrons that does not collide with the atoms cores, hence their mean
time between collisions (7) is infinite. This leads to an acceleration of the
charge t* = eE/m.. By taking the time derivative, using the current density
Js = nger, and replacing ¥ from Eq[2.1] we obtain

nge>

E

0., = , (2.2)

(&

which is known as the first London equation. Here ng is the number of
superconducting electrons, e the electron charge and m, the electron mass.
The second London equation is obtained by taking the curl of Eq. and
using Faraday’s law

nge>

VxJs=—

B (2.3)

Me

The London equations describe the Meissner effect, showing how the mag-
netic field is screened from the inside of the superconductor. To obtain the
behaviour of the magnetic field in the superconductor, Jg is obtained from
the modified Ampere law and replaced in 2.3 leading to

2
V2B = 2% B 4V x (jipe00iE). (2.4)

e

where p is the vacuum permeability. Remembering that eoug = 1/¢* and
assuming that the field varies slowly, the second term can be neglected leading
to

P B= B (2.5)
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m

AL = 5
HoTs€

(2.6)

where A; is the London penetration depth. Equation is know as the
Helmholtz equation for the magnetic field, its solutions are of the kind B =
Bye /7, with r being the direction of propagation. This implies that
the magnetic field is exponentially attenuated inside the superconductor,
explaining the observed Meissner effect detailed before.

The London eq[2.2] and 2.3] can be summarized in one equation by the use of
a vector potential A

A
f10)F

J = (2.7)

A is defined as a vector potential B = V x A that must fulfill the London
gauge V- A = 0.

The only unknown variable in eq. for a prediction of the penetration
depth is the number of superconducting electrons n,. [Tinkham, 2004] argues
that even if the quantity n, is not initially defined, one can assume the
natural limit of ng is the total electron population density n. This yields the
theoretical limit for Ay when 7" — 0K

mc?
A(0) = 2.

For 0 < T < T, the dependence of \;(T) can be approximated by
[Tinkham, 2004]

Az(0)
(%)

The London equations provide a good phenomenological approximation for

AL(T) = (2.9)

the superconducting state in the bulk regime and an operation point below
its critical parameters, that is a temperature T' < T, and in the presence of
an EM field of moderately high frequency. The determination of the critical
parameters of the superconductor was only possible after the introduction
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of the Baarden-Cooper-Schrieffer(BCS) theory, briefly summarized in the
following section.

2.1.3 The Bardeen—Cooper—Schrieffer (BCS) microscopic theory
of superconductivity

The Bardeen-Cooper—Schrieffer (BCS) [Bardeen et al., 1957] theory of su-
perconducting presents a microscopic explanation for the superconducting
state. In the BCS theory, superconductivity is a consequence of the pairing
of electrons through phonon interaction in the material. This phonon in-
teraction allows for an attractive potential, making the Cooper pair binding
possible. Aside from this interaction, the electrons do not have any further
interaction with the atomic lattice. This theory describes the two hallmarks
of superconductivity, those being the Meissner-Ochsenfeld effect and the al-
most null resistivity of conventional superconductors.

The underlying principle in the BCS theory is the existence of a bound elec-
tron pair, called Cooper pairs, due to an attractive interaction between them
in the material (V(k — k') < 0). When considering a normal Coulomb in-
teraction between free electrons (U(r) = e2/r), it always leads to a repulsive
interaction [Tinkham, 2004].

L e
Vik—K)= Vg =0 / Ulr) el ¥)r gy — ﬁ >0 (2.10)

Where Vi, is the interaction potential, r the distance between the elec-
trons interacting,Q), the normalization volume and k — k' is the difference in
wavevector of the electronic levels. However, by considering the screened
Coulomb interaction between electrons and the screened Coulomb inter-

action between electrons and atom cores, an additional potential appears
[Frohlich, 1950],[Bardeen and Pines, 1955 (|Tinkham, 2004] eq. 3.10)

4mre?

— 4
q? + k2 ¢+ k2 w? — Wl

Viw (W) = (2.11)

. TV
Couloumb Interaction  phonon-mediated interaction

Where k; is the Thomas-Fermi wavevector [Ashcroft and Mermin, 1976, w
the frequency corresponding to the difference in energy levels hw = Ex — Fy,
wq the angular frequency of a phonon of wavevector g=k-k’. The potential
has an attractive effect, meaning Vg (w) < 0, so long as w < wg, this
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sets the cuttoff energy hAw,, that is of the order of the Debye energy hwp
(hwp = kp©Op where Op is the Debye temperature, at which all phonon
modes are excited). Qualitatively, this can be understood as that for an
electron pair with Eyx — Fy > wp there is no phonon able to carry the
momentum, and thus, no Cooper pair can be formed. It is worth mentioning
that, meanwhile eq. illustrates how the required attractive interaction
between electrons may rise, it is too coarse to be used as a criterion for
superconductivity [Tinkham, 2004].

Leon Cooper postulated that the background Fermi Sea was unstable against
the formation of Cooper pairs [Cooper, 1956]. The pairs condense with a
binding energy A until a new equilibrium point is reached where the binding
energy for an additional pair is zero, reaching the superconducting state.
The excitations above the the superconducting state are know as Bogoliubov
quasiparticles with energy Fyx = /& + Af [Tinkham, 2004], p 61. Where
and &, = ex — p the single particle energy relative to the Fermi energy (e
the unperturbed Bloch energies, and pu is the Fermi energy). It becomes
clear that Ak is the minimum excitation energy, as the single particle energy
of quasi-particles at the Fermi surface is & = 0 = FEx = Ax. Hence
2A is the minimum energy required to break a Cooper pair and create two
quasiparticle excitations, each with energy Ay.

The determination of the gap energy Ay is given by the BCS Gap equation
or the condition for self-consistency, and it is simplified by the assumption of
L. Cooper that V= =V (V a positive constant) for any state that was up to
hwp from the Fermi energy FEr|Cooper, 1956], [Bardeen et al., 1957]. This
approximation leads to

Ay = {A Sk < fuwp (2.12)

0 & >hwp

Following the analysis done by [de Gennes, 1966]. p 112, leads to the equa-
tion for the gap energy at T' = 0K

B fp A (0) 1
A(0) = N(O)V/_MD > o +A(0)2d§

(2.13)
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Where N(0) is the density of single spin density of states at 7" = 0K. For
weak coupling superconductors, where hwp > kT, , N(0)V < 1 the gap
energy can be approximated by

A(0) ~ 1.764 - kpT, . (2.14)

For the case of Niobium, which is a strong coupling superconductor, the
relationship in eq. is modified to [Zheng and Walmsley, 2008]

A(0) ~ 1.895 - kT, . (2.15)

The gap energy is of vital importance in the calculation of the complex
conductivity of superconductors in the microwave regime, detailed in the next
section, since it gives the frequency at which the radiation has enough energy
to break Cooper pairs and create quasiparticle excitations (Eq.. The
temperature dependence of the gap energy for weak coupling superconductors
for '~ T, is given by [Tinkham, 2004], Eq. 3.54 (Fig.

fgap - %(T) (216)
A(T) T
o S g (2.17)

2.1.4 Superconductor properties at microwave frequencies

The impedance of a medium is defined as the ratio between the electric field
E and the magnetic field H of the EM wave that propagates through it. In
the case of superconductors the fields are screened from their inside and EM
waves can only propagate alongside their surface and in the medium around
them. Hence it is useful to characterize the impedance for the fields at the
surface of the superconductor as it is one of the key parameters in the design
of the superconducting circuits. The general definition of surface impedance

1S
E,(0,

Hy(07

) _ E.(0,w)
) S ez w)dz

w
Zs(w) = 2.18

() - (218
The precise relationship between the current density J and the field in
a superconductor depends on the characteristic lengths, Ay, &, with the



40 2.1. Superconductivity

A(T) 6 .
A(0) o0.4f :

0.2}

Figure 2.2: Temperature dependence of the Gap energy. The magnitude of the gap
varies little from A(0) when 7' < T,. The approximation A(7") ~ A(0) hold up to
T/T. ~ 0.6. This also shows the reason behind the use of liquid Helium for cooling
our devices, as the temperature achieved is lower than half the critical temperature
of the Nb (Fig. [2.1)

former being the London penetration depth defined in eq2.9 and the lat-
ter the coherence length of the superconductor, introduced by A. Pippard
|[Pippard and Bragg, 1953|. In Pippard’s theory and BCS theory, the co-
herence length is related to the size of the Cooper pairs. Hence its role is
comparable to the mean free path in normal conductors in the determination
of the exact regime, either local or non-local, the metal should be modeled.

The local regime is defined when £ < Ay which justifies the assumption that
the fields are constant across £ and the relationship for the current density
and the vector potential, described in eq. , holds. The surface impedance
for the local regime can be calculated by [Collin, 2007], Eq 2.105

E,(0, /
Zu(w) = o0 _ [ o (2.19)
Iy Ju(z,w)dz o1 — joo

with the conductivities o; and o9 obtained from the two-fluid model, or

the Mattis-Bardeen theory at frequencies closer to the gap frequency of the

superconductor (Eq{2.16]).

For the case & = AL, eq. breaks down and equation for the surface
impedance is no longer valid. This is the anomalous regime and the current
has to be obtained from the Mattis-Barden relationship (Eq. . For the
case where £ > Ay, the superconductor is in the extreme anomalous limit
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and the conductivity has to be obtained with the Mattis-Bardeen theory
of the extreme anomalous skin effect (egs. and of the following
section). A brief analysis of the three regimes is presented in the following
section.

The two fluid model of complex conductivity

The phenomenological theory of superconductors formulated by the London
brothers did not only account for the screening of the magnetic field but it
also provided an approximation for the bulk conductivity of the supercon-
ductors. When operating T' < T, the conductivity can be approximated by
a Two fluid model, initially proposed by [Gorter and Casimir, 1934]. In this
model, two electron populations coexist, A superconducting n, and a normal
conducting population n,, n = ng + n,. These two populations of electrons
are responsible, respectively, for the imaginary part of the conductivity and
the small dissipation observed at all frequencies. The conductivity o; can be
approximated by

o(w) =01 — joy = on(w) + os(w) (2.20)
o) = "”;T" (2.21)
oy(w) = “::Le §(w) — ‘77;:; (2.22)

With 6(w) the Dirac’s Delta function at w = 0. This is meant to account
for the DC demeanour of the superconducting electrons [Linden et al., 1994].
The limitation of this approximation is that only it describes the linear re-
sponse of the superconductor. At temperatures T' = T, or in very thin
superconducting films (d < Ap) the response of the superconductor cannot
be approximated by this model.

Pippard non local extension of the London equations

The London equations provided a first approximation for the demeanour of
superconductors and it was useful in predicting the bulk properties of the
superconductor. However, the London equations limitations were discovered
when A. Pippard noticed that by increasing the doping of Indium in a Sn
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(tin) superconductor the penetration depth increased while the critical tem-
perature remained constant |[Pippard and Bragg, 1950]. This led him to the
realization that the current density inside the superconductor could not be
determined by the field at that point alone, meaning that the eq. is no
longer valid. Rather, the current density is mostly dependent on the field
over a small volume inside the superconductor. Pippard formulation for the
current in the non-local regime is

N - 3¢’n, [ (r—p)[(r—p)- A(p)]e—(|r—p)|/§
1) = e [ P b, (223)

where the integral runs over the entire volume of the superconductor. This
integral can be instead cut short and run over only some coherence lengths
¢ for when |r — p| > &, the contribution of the field decays exponentially.
With a a numerical fitting constant, vp the Fermi velocity and & a constant
introduced by Pippard called the coherence length of the superconductor, is
defined as a combination between the electron mean free path (l.) and the
pure coherence length in clean systems &, [Pippard and Bragg, 1953]:

hUF
=aq— 2.24
1 1 1
R 2.25
5 50 le ( )

The reasoning behind the definition of the coherence length & is that Pip-
pard argued that only electrons near the Fermi energy can participate in the
formation of the superconducting state. Specifically, electrons whose energy
is within ~ kT, of the Fermi level. This means that the momentum range
of those electrons is Ap = kyT../vp. Taking this into account and using the
Heisenberg uncertainty principle, a lower limit for the range of the position
of the electrons is determined as Az > h/2Ap = hvp/2kyT,.. This motivates
Pippard “s choice of the value for the coherence length. Qualitatively, & can
be understood as the distance between the electrons that form a supercon-

ducting charge carrier. In the microscopic BSC theory of superconductivity,
the coherence length & is defined as hvy/m Ay [Tinkham, 2004] (eq. 3.114)

The Mattis-Bardeen theory of the anomalous skin effect

Previous work on the determination of the superconductor conductivity did
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Figure 2.3: Normalized real and imaginary conductivity for Nb and NbTiN. The
critical temperature of Nb and Nb and NbtiN are 9.2 and 14.7K respectively with
a normal state resistivity of pyp = 5.27 uQem™! and pnyrinv = 160 uQem =t For
the Nb, the conductivity is obtained with the gap energy Ag for a weak and strong
coupling superconductor(eqs and it can be seen that the difference is not
significant for our purposes. Hence the expression in eqf2.14]is taken. It is seen that
both the real and imaginary parts of the conductivity decrease with frequency. This
continues until the Gap frequency (hw = 2A¢) is reached. At this point, the radiation
has enough energy to break cooper pairs and generate quasiparticle excitations in the
superconductor. These quasiparticle motions are responsible for the sudden increase
in the real conductivity of the superconductor and, more importantly, increased
losses. For this reason, the operation of the superconductor should remain below its
gap frequency.

not include the energy gap A(T) parameter in their calculations and hence
could not predict its effects on the conductivity of superconducting films near
the gap frequency. After the BCS theory was developed,

[Mattis and Bardeen, 1958] proposed a microscopic relationship between the
current in the superconductor and the field, based on the work of Pippard

dp (2.26)

I(r) = N (0)vr [ R[R-A(p)]I(w, |R’7T)e—|R|/le
omh R

where R =r — p and I(w, |R|,T) from [Mattis and Bardeen, 1958] eq. 3.4,
and 7' is the temperature. For the extreme anomalous regime, where £ >
Az [Mattis and Bardeen, 1958] establish a relationship between the complex
and normal conductivity of the superconductor that is also valid for the
local regime of the superconductor as the response kernel I(w, |R|,T) can be
approximated by the local response [Barends, 2009], leading to the following
relationships

o1(w) — joo(w)  I(w,0,T)

= 2.27
On —jmhw (227)
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dE[f(E) + [(E + hw)]
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E? + Ehw + AX(T)
VAXT) — E2\/(E + hw)? = A(T)?

(2.29)

where o, is the normal state conductivity as in the Drude model [Drude, 19004,

A(T) the gap energy of the superconductor and f(F) the Fermi distribution.
Similar to the two-fluid model introduced before, o represents the contri-
bution of quasiparticles to the overall conductivity, thermally excited (first
term) and the generation of quasiparticles by radiation (second term) above
the gap frequency fyqp = 2A/h. It is worth noting that above the gap fre-
quency, the excited quasiparticles are subject to classic motion in the solid,
this is visible in the sudden increase in losses in the superconductor. o9
contains the contribution of the superconducting cooper pairs. The previ-
ous relationships between the superconducting and normal current(eqs.m
and are also valid for the local regime of the superconductor, as re-
marked by R. Barends [Barends, 2009], where the kernel I(w, |R|,T") can be
approximated by the local response only (I(w,0,T)).

Determination of the surface impedance for Nb at 480 GHz and
NbTiN at 800 GHz

Once the possible regimes for the conductivity of a superconductor have
been reviewed it is possible to calculate its surface impedance Z;. This is
to use it as the input parameter in the design of superconducting microwave
components.

The first step in the calculation is the comparison between the coherence
length and the magnetic penetration depth of the materials. This defines
the operating regime of the superconductor to be either local, anomalous or
extreme-anomalous. For Niobium, the reported coherence length &, is about
38 nm [Van Duzer and Turner, 1981 and the electron mean free path is I, ~

VE? = AXT)\/(E — m22 — A2(T)’
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11 nm. This gives a coherence length £ ~ 9 nm (Eq. 2.25). On the other
hand, the reported values for Ay range from 120 to 68 nm [Chang, 1979,
Lea and Lichtenberger, 1996]. This leads to the assumption that, four our
case, Nb is in the local regime (£ < Ar) [Gao, 2008|. In light of the previous
information presented, it is deemed that the eqs. and [2.29 provide
a good approximation for the calculation of the conductivity in the local
regime.

For the case of NbTiN, the operation at 800 GHz is also in the local regime
since the coherence length is £ ~ 3 nm [Yu et al., 2002] meanwhile the mea-
sured values for the penetration depth the values range from 200 to 500 nm
[Yu et al., 2005 [Tolpygo et al., 2018]. It is assumed then that eqs[2.28|2.29
provides a good approximation as well for the conductivity of NbTiN at 800
GHz.

In the local regime Eq. is modified by R. Kautz [Kautz, 1978],[Kautz, 1979
for the case of a film of finite thickness d with vanishing magnetic field at d.

Zu(w) = \/jiﬂocoth(\/jwuoad) (2.30)

For these equations to be consistent and apply to the electromagnetic design
we have to make sure that the dimensions of the superconducting layers are
thick enough to allow for a local treatment of the current. Considering that
Zs = Rs+ 7 X, with X; = wL, and that for the local regime, the magnetic
penetration depth can be defined as [Broom and Wolf, 1977]

M, T) = % (2.31)

The results for the magnetic penetration depth, calculated with eqgs. [2.30
and (o obtained from DC resistivity measures), for the Nb and NbTiN
materials is Ayy(500GHz,4.2 K) ~ 100 nm and Aypyrin(800GH z,4.2 K) ~
430 nm (Fig. 2.5). It can be seen that for frequencies below the gap frequency
(f < fgap) the magnetic penetration depth is rather constant. This A4,
is an important parameter as it sets the thickness of the superconducting
material for the local treatment to be valid and to avoid increased losses in
the superconductors. Otherwise, the losses will be higher and the validity of
the values for the surface impedance starts to break down.
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Figure 2.4: Surface impedance at microwave frequencies for Nb (Left) and NbTiN
(Right), processed by Clean room personnel at I.Physikalisches Institut, Universitét
zu Koln. The critical temperature of Nb and NbTiN are 9.2 and 14.7K respectively
with a normal state resistivity of pnp = 5.27 uQem ™! and pyyriv = 160 pQem ™1,
The Gap frequency f = h/2A( can be seen as the surface resistance of the material
suddenly increases. This is due to the fact the photons above this frequency possess
enough energy to break the cooper pairs and create quasiparticles.
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Figure 2.5: Magnetic penetration depth of Nb (Left) and NbTiN (Right). It
can be seen that for frequencies below the gap frequency (f < fyqp) the magnetic
penetration depth is rather constant. The A;,44 is an important parameter as it sets
the thickness of the superconducting material for the local treatment to be valid and
to avoid increased losses in the superconductors. For the critical temperature and
normal state conductivity of the Nb and NbTiN fabricated, the magnetic penetration
depths are )\%Zg ~ 100nm and )\%g:g”N ~ 430nm. Those results were obtained with
eqs. and , where o is obtained from DC resistivity measures

2.1.5 Josephson and Superconductor-Isolator-Superconductor (SIS)
tunnel junctions

In the context of the experimental work here presented, Superconductor-
[solator-Superconductor (SIS) junctions are used as the direct power detec-
tors in the characterization of the passive superconducting devices designed
in this thesis. Additionally, they are the nonlinear elements of choice for
the HFA mixers. Thus it is necessary to characterize the behaviour of these
superconducting devices in the presence of RF field.

Superconductor-Isolator-Superconductor (SIS) junctions are two supercon-
ducting electrodes separated by a weak link, where the weak link may be, for
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example, an isolator barrier or a constriction of the superconductor material
itself. The characteristics of these devices have placed them at the heart of
heterodyne detectors, serving as the low noise mixer [Kerr et al., 2015|.

These tunnel junctions display quasiparticle [Tien and Gordon, 1963] and
Cooper pairs tunnelling between the electrodes. The tunnelling of Cooper
pairs across the weak link is called Josephson effect after Brian Josephson,
who predicted it in 1962 |[Josephson, 1962|, and it is a property of weak links
between two superconductors. The supercurrent predicted is an oscillating
current at zero voltage

I, = I.sin(Ayp) (2.32)
TA A
IL="l= = 2.
= 2R tcmh(kaT> (2.33)
dAp  2eV
— 2.34
dt h (2:34)

With 1. the critical current of the junction; that is the maximum supercur-
rent that the junction supports. Ay = @1 — @9, the difference in phase of
the Ginzburg-Landau wavefunctions ¢, = /fy e/¥x of the superconducting
electrodes |[Landau and Ginzburg, 1950]. For a symmetrical tunnel junction
(A = Ay = A) the supercurrent is given in

[Ambegaokar and Baratoff, 1963]. Equations and are known as the
DC and AC Josephson effects.

The supercurrent can be suppressed by the application of magnetic flux par-
allel to the plane of the tunnel barrier. For a rectangular junction, the
supercurrent relationship with the flux ¢ (Fig. is

sin(m® /D)
W(I)/(I)()

]C(CI)> - [c(o) ) (235)

where @y = h/2e the fluxon, the elementary quantum of magnetic flux.

The tunnelling of quasiparticles, that coexist with the Cooper pairs in the su-

perconducting electrodes, across a barrier is described by the semiconductor
model of the tunnel junction [Tinkham, 2004] section 3.8.1 (Fig. [2.7).
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Figure 2.6: Critical current in the presence of magnetic flux.For the cases where
® = +ndy and the critical current is zero I. = 0, it does not mean that Cooper pair
tunnelling across the junction is suppressed or impeded. Rather the case is that the
total supercurrent amounts to zero.
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Figure 2.7: Depiction of the semiconductor model of an SIS tunnel junction for
electron tunnelling. Left: Depiction of the density of states across the junction at
T > 0 and with an applied bias voltage across the junction. The shaded areas repre-
sent the electron-occupied states. Right: SIS quasiparticles tunneling characteristic
at T' > 0.
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=" o VB - fE+eldE, (230

with GG, the normal state conductance of the junction. For a SIS junction at
T > 0, there is a non-zero current due to the tunnelling of thermally excited
quasiparticles. The sharp peak at A; + Ay is due to the singularity in the
density of states at the gap edges. At voltages eV > A; + Ay the current
follows the normal stated characteristics. The local maximum at |A; — Ag
(Fig. Right)is because the thermally excited quasiparticles at the gap
edge in the first superconductor are given enough energy to tunnel to the
available states at the gap edge of the second superconductor.

When an SIS junction is irradiated by high-frequency radiation two effects
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appear; the first is the Shapiro steps, corresponding to the interaction of the
radiation and the Cooper pairs [Shapiro, 1963], and the second are the Photon
steps that rise due the interaction between the quasiparticles and the imping-
ing radiation, called photon assisted tunnelling [Tien and Gordon, 1963].

Photon assisted tunneling

An AC voltage V,¢(t) = Vie+ Vaccos(wypt) has the effect of assisting the tun-
nelling of quasiparticles in a tunnel junction as the radiation provides energy
for tunnelling across it. [Tien and Gordon, 1963| describe the process where
it is assumed that a microwave field applied between the junctions electrodes
only modulates the energy levels of the quasiparticles, meaning that a quasi-
particle with energy Ey becomes Ex + eV .cos(w,st). This modifies the wave
function of quasiparticles in a way that a quasiparticles at level Ey splits into
levels at Fx £ nw,sh. This betrays the quantum mechanical nature of this
effect, where the energy is divided into discrete energy levels separated by
h-w. Using the modified wave function for quasiparticles and the previously
described semiconductor model the tunnelling current in the presence of RF

field 7] can be calculated as follows [Tien and Gordon, 1963].

r - 6‘/;7’ dc hw?"f
Iy = C/ Lf(E — Vi) = F(E)]p1(E — Vi) p2(E)dE (2.38)

where [ glf the tunneling current in absence of RF field, C' is a proportion-
ality constant, p; and ps the density of states in the two superconducting
electrodes. Due to the precise density of states of the superconductor being
generally unknown, in practice, the value of I gg is experimentally measured
with the supercurrent carefully suppressed

The RF field has the effect of producing current steps at Vi, £ hw, ¢ /e called
Photon steps (Fig. 2.8). In practice, knowing the exact density of states of
a superconductor is not always possible, to circumvent this, I gg is measured
and used in Eq[2.37, where the supercurrent is carefully suppressed by a
magnetic field.

The SIS can then be used as a direct detector for the RF radiation impinging
on it. When eV, /hw,; < 1 and Vy. + hw, /e > Va the terms greater than
n = 2 are neglectable, leaving equation as
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Figure 2.8: Example of an SIS tunnel junction displaying photon steps. The black
curve is the junction in the absence of an RF field while the coloured one is irradiated
with a monochromatic field at 460 GHz. The photon-assisted tunneling steps are
visible below and above the gap voltage for this junction (VA = 2.8 mV)
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Figure 2.9: Example of an SIS junction exhibiting both Shapiro and photon steps
in the presence of RF field of 460 GHz. Due to the fact that Shapiro steps result
from the tunnelling of Cooper pairs, the width of a Shapiro is half of a photon step.
Biasing the junction on a voltage where a Shapiro step appears results in an excess of
noise in the receiver due to the fact that the amplitude of the Shapiro steps oscillates
with increased RF power. In this case, the third Shapiro step falls in the middle of
the first photon step, making the biasing for direct and heterodyne detection noisy
and unstable.

ewf 2 hwrf
L.+ (Vi) = 13.(Vge Lic | Ve )
F(Vae) d(d)+<hwrf> d(d+ e)

(2.39)

For low irradiation power, when eV, ;/hw, is small, the second term of Eq.
2.39 know as the direct response, is linearly dependent on the power of the
RF signal. This is used as the basis for using the SIS tunnel junctions as a

direct detector for the local oscillator power division measurements later in
this thesis.
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Shapiro Steps

Microwave radiation does not only affect the tunnelling of quasiparticles
across the barrier it also affects the tunnelling of Cooper pairs. The rela-
tionship between the phase difference (¢ = Ayp) and the voltage across the
junction is given by the Ac Josephson effect equation Eq. [2.34). By integrat-
ing V,; in time, the phase difference in the presence of the RF field can be
obtained

2eVie,  2eVe .
_ Ddey 20 sin(wyrt) + ¢o (2.40)

o) = =5t 4

with ¢y an integration constant and wy = 2eV,./h. Using the DC Josephson
(Eq. [2.32)) and the Bessel function expansions to obtain the supercurrent
leads to

o

I=1. ) (=1)*Ju(2eVae/ huwyg)sin (wot — nw,st + o) (2.41)

The supercurrent of Eq2.41| only introduces a DC contribution when V. the
is equal to

nhwrf
Vie = 2.42
I 2e ( )
The half amplitude of the n-th Shapiro step is
26‘/}f
I'=1J,—— 2.43
r- 1 (52) (2.43

The amplitude of the step oscillates as the RF field increases. This is an
undesired effect in the junction when operating it either as a direct detector
or as a mixer due to the noise and instability of the iv relationship at the point
where the Shapiro steps appear. Fortunately, this supercurrent property can
be suppressed by the use of a magnetic field, as detailed in the previous
section.

2.1.6 SIS junction as mixing element: Tucker theory

The IV-characteristic of a SIS tunnel junction shows a very high non-linearity
(Fig.. This near-perfect switch behaviour points to the fact that the SIS



52 2.2. Electromagnetic Waves and Transmission lines

junction could be used as a mixer. the quantum mixing was developed and
presented in [Tucker and Feldman, 1985]. Here it is stated that SIS mixers
can have a very low conversion loss, and even mixer gain, and can reach the
quantum noise limit. the quantum limit is an inherent and fundamental limit
of one quantum of noise.

The work here presented focuses on microwave components for the hetero-
dyne mixer focal plane array, including components for a balanced mixer for
the HFA. However, given the time constraints and the Covid-19 pandemic, no
significant work was made on the fabrication and characterization of an 800
GHz balanced mixer. Hence the quantum theory of mixing is not detailed
any further.

2.2 Electromagnetic Waves and Transmission lines

The relationships describing the electrical and magnetic fields were originally
enunciated by James Clerk Maxwell [Maxwell, 1873 and later reworked into
the four modern equations by Oliver Heaviside [Heaviside, 1893, [Hunt, 2012].
From these equations, it is possible to predict the propagation of EM waves,
in the form of the Helmholtz equation.

V?E + w?ueE = 0 (2.44)

V*H + w?ueH = 0, (2.45)

where E and B are the phasor-electric and -magnetic fields respectively
(A(r,t) = Ao(r)cos(wt + ¢)). the standard solution for the wave equa-
tion is the superposition of two travelling waves in opposite directions A =
Aje 7T + Ay e?", with v the direction of propagation of the wave. These
are equations that describe the wave propagation through a general medium.

For the case of propagation through a medium where the dimensions in-
volved are comparable to the wavelength of the waves, the Transmission line
treatment is required. Transmission lines can be modelled as distributed pa-
rameter networks where the parameters of the line are captured in per length
parameters in the configuration shown in Fig2.10, The parameters are resis-
tance R, Inductance L, Conductance G and capacitance C'. The equations
that describe the voltage and current along the transmission line model shown
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Figure 2.10: Equivalent lumped element circuit for a transmission line of incre-
mental length.

in Fig{2.10 are the Telegrapher equations [Pozar, 2011, Collin, 2007]

ov(z,t) , Ji(z,1)

5, —Ri(z,t) — L 5 (2.46)
di(z,t) ov(z,t)

5, —Gu(z,t) = C 5 (2.47)

Assuming sinusoidal voltages and a steady state regime, replacing the field
with cosine-based phasors, meaning V' (z) = Vycos(wt+0), I(z) = Iycos(wt+
¢) and combining the equations yields the wave equation for the voltage and
current

V) v =0
(2.48)

ddlz(zz) — 72[(z) =0
y=a+jB=+(R+ jwl)(G + jwO) (2.49)

With 7 the propagation constant of the line, defining the attenuation ()
and phase [ properties of it. For the lossless transmission line v reduces to
£ = jwv LC. This in turn, defines the wavelength in the transmission line

Ay (Eqi2.52) and the phase velocity vy, (Eq2.53)). For a lossy line, the wave

is attenuated by a factor of e=®. The solution to the telegrapher equation
consists of a superposition of travelling waves along the 2 axis (Eqj2.50)).
From this solution, the characteristic impedance Z, of the line Eq2.51] is

defined.
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_ R+jwl

1) = R e ) (2.50)
R+ jwL R+ jwL
Zo= -T2 = [ 2.51
0 ~y G+ jwC ( )
2
Ay = — 2.52
g ﬁ ( )
w

A particularly useful application of Transmission line theory is the deter-
mination of the input impedance of terminated transmission lines. When a
losses transmission line of impedance Zj is terminated on a load of impedance

Zp at z = 0, the input impedance seen at a distance z = [ is [Collin, 2007]
eq.3.47

_z Z1, + jZotan(Bl)

Tz = 1) = , , 2.54

&= = A i Ztan ) .
for a lossy line, eq2.54| becomes [Collin, 2007] eq. 352
Z1 + Zotanh(vl

iz = 1) = 7,21t Zotanh(y) (2.55)

~ 2+ Zgtanh(~1)’

In the context of this work, four kinds of transmission lines are utilized.
Hollow waveguide, coplanar waveguide, microstrip and to a lesser extent,
slotline. All these transmission lines possess a different geometry, leading to
their unique properties, which in turn induce different propagation modes
along them. In the following section, the standard equations for the utilized
transmission lines are given, as well as the required modifications introduced
by the material of choice for that particular transmission line.

2.2.1 Rectangular waveguides

Waveguides are a transmission line composed of only one hollow conductor to
propagate waves [Pozar, 2011] [Collin, 2007]. The geometry of a rectangular
waveguide as used in this work shown in figure 2.11], the propagation of the
electromagnetic wave is along the 2 direction. Standard waveguide geometry
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Figure 2.11: Geometry of a rectangular waveguide [Pozar, 2011].

has a = 2b, the reason for this is to maximize the single mode bandwidth of
the waveguide.

Transverse Modes

Rectangular waveguides support Transversal Electric (TE) and Transversal
Magnetic (TM) modes. The modes are defined by the Helmholtz equation
for the TE and TM cases.

0? 0? 9
(@ + 92 + kc) h.(x,y) = (2.56)
9? 9?

For the TE modes, E, = 0 and H, must comply with Eq[2.56] On the other
hand for TM modes H, = 0 and F, is determined by Eq[2.57 The solu-
tion for those equation takes the form of H.(z,y, z) = h.(x,y, 2)e %%, and
E.(x,y,2) = e.(x,y, 2)h 7% Here k. = \/k? — B2 is the cutoff wavenum-
ber and 8 given in [2.49] The cutoff wavenumber defines a cutoff frequency
(Eq2.59) for both TE and TM modes. Modes with frequency f < feutory are
evanecent modes and experience exponential decay along waveguide [Pozar, 2011].

For a rectangular waveguide the fundamental mode, the one with the lowest
feutoff, 1 the TE10. In the case of the TM modes, the TMI11 is the mode
with the lowest cutoft frequency. In this work, rectangular waveguides with
dimension a = 2 - b are used. The bandwidth is limited to that of the
fundamental mode. These waveguide dimensions give the following cutoft
frequency for the first modes (TE11, TE20 and TM11) fouorr = 2 - Clq?toff.
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pevEm= e () () e

a

k. 1 mr 2 nm >
fcutoff = QW\/ﬁ = 27T\/m\/< 4 ) + (T) (259)

2.2.2 Superconducting planar transmission lines

Coplanar Waveguide

Coplanar waveguides (CPW) are planar transmission lines that consist of
a main line of width W between two ground planes separated by a gap
s. The lines and the ground plane are supported by a dielectric substrate
((Figl2.12)). The particular advantage of a CPW is that it only requires
metallization on one side of the substrate, facilitating the fabrication of the
circuits. CPW lines support Quasi TEM mode propagation with no intrinsic
frequency cutoff, in contrast to hollow waveguides. Given the geometry of
a CPW, it displays degeneracy in the mode propagation supporting both
the even (the fundamental mode, displayed in Fig2.13) mode and the odd
mode. Mode degeneracy exists when two or more modes can propagate
simultaneously and it is often undesired, as the additional modes deplete
the signal transmission on the fundamental mode. The power that leaks
to the wrong modes can easily produce undesired cavity resonances. The
field configuration of the odd mode demands the existence of a potential
difference between the two ground planes of the CPW, hence by having a
grounding bridge between the two ground planes it is possible to avoid the
propagation of the odd mode. These grounding bridges must be placed before
and after any discontinuity in the CPW, where the excitation of the odd mode
is inexorable. A disadvantage of the grounding bridges is that they add a
capacitance to the ground in the line.

Standard CPW analysis involves the quasistatic approximation and the use
of conformal mapping of the CPW geometry into another easier analysis.
Following the steps proposed in [Bahl et al., 2013],[Simons, 2001], the rele-
vant parameters of the CPW lines can be obtained. Equations [2.60] to [2.63]
give the parameters of a CPW with a finite substrate thickness.

(2.60)
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Figure 2.12: Scheme of a CPW with a substrate of finite thickness [Simons, 2004].

cew €
= (2.61)
1 30 - 7 K'(ko)
7, = = 2.62
" Coutpn ey K(h) 20
i T T R Kl (2:63)

where A is the free space wavelength, e.¢¢ is the geometry dependent effective
dielectric constant of the CPW. K (k), K'(k) along with the pairs ko /k{ and
k1/k} are detailed in [Simons, 2001] (Section 2.2.3).

/ T

In|2- NG
K(h) B | 1=V
K0 =X ) (2.64)
In|2- L+ Vi
1—Vk
\ = - ke [1/\@, 1]
A (2.65)
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Figure 2.13: Fundamental mode (Even) of the CPW. |[Gupta et al., 1996|
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ki = (2.66)

Ko=1-k. (2.67)

The k; and ky parameters depend on the geometrical parameters of the CPW

Eqgs. - . The parameter ¥ = 1 —+/k is the complementary modulus.
The complete analysis of a CPW line can be found in [Collin, 2007].

The modifications introduced by the superconducting state can be summa-
rized as the addition of a kinetic inductance to the geometric inductance of
the line.

L = Lopw + Ly, (268)

From Eq2.53] and using the approximation of a lossless line (v,, =1/ VLO)
the geometric contribution to the total inductance is Lopw = pogocerf/Copw .
The contribution to the total inductance of the line is obtained from the
contributions of the centre plane and ground planes of the CPW L, =
(Grine + 9ground)Ls, With giine and ggrouna the geometric factors derived for
the series resistance per unit length of the centre line and ground planes
([Simons, 2001], Section 8.2.1). Ly is the surface inductance of the supercon-
ductor in the local limit.
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After the calculation of the total inductance per length, the impedance of
the CPW can be calculated by Eq. using the lossless approximation.

L

7.
! Ccpw

(2.69)

Microstrip Lines

Microstrip lines are another type of planar transmission line, where the main
line and the ground plane are separated by a dielectric substrate(Figf2.14]
Left). This particular design requires metallization in both faces of the sub-
strate which, in our case, introduces some limitations on the application and
use of this transmission line. The fundamental mode of the microstrip is
a Quasi-TEM mode, displayed in Fig2.14] Right. The standard microstrip
analysis uses quasistatic approximation and conformal mapping to give an es-
timation of the line impedance [Gupta et al., 1996]. For the superconducting
microstrip lines used in this work, the quasistatic analysis has to be corrected
for the influence of the superconductor. An analysis that takes into consider-
ation the geometry and superconducting properties in the local limit is given
in [Chang, 1979]. There the corrected inductance and capacitance in terms
of a fringing factor are given. The total inductance and capacitance per
length of the line are.

1o ty 2y/p t 2

L= bt M fcoth( 2) + 2P cocn [ 2 )| 4 Mg coth | 2
WK (W, h,t) " 1[00 (M)jL o (M)] e <A2)]
(2.70)
C = 8T€2WK(W, h,t) (2.71)

Where W and h parameters are defined in and t the thickness of the
metallization layer of the microstrip. the parameters r, and 7, are given in
[Yassin and Withington, 1995], correcting a misprint in [Chang, 1979).

2.3 Network parameters

The treatment and analysis of distributed circuit networks are usually done
with a network equivalent of the component, where the properties and charac-
teristics of each component are summarized in an equivalent network matrix
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-y R

Figure 2.14: Left: Schematic of a infinitesimally thin microstrip of width W over a
dielectric substrate of thickness h. Right: Field lines in the microstrip [Pozar, 2011]

obtained from the transmission line analysis, 3D simulation or direct mea-
surement of such component. Common representations of networks are the
Impedance/Admittance equivalents and the Scattering matrix|[Pozar, 2011,
Collin, 2007]. A representation of an N-port network is shown in Fig. [2.15
where the Voltage and current waves incoming and outcoming from the port
are depicted. Impedance/ admittance matrix relates the voltage at one spe-
cific port @ (V; = V;* + V.7) generated by driving a current I at port j
(I; = Ij+ + I;7) while all the other ports are open circuited (including port
i). This defines the impedance element Z;;, that is the transfer impedance
from port ¢ to port j. The special case of Z;; is the input impedance seen
at port k when all other ports are in an open circuit state.

V] =121l1] (2.72)

= Vi (2.73)

]j I, =0,k#j

Another matrix representation of a network is the Scattering parameter ma-
trix. It relates the voltage waves incident at port j (V]JF) and the waves
coming out from port ¢ (V;”) meanwhile all the other ports are terminated
in matched loads, that is, no voltage waves reflected at those ports.

VoI =[S1V7] (2.74)

Sij: . (275)
IV =0k#£)
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Figure 2.15: Portrayal of an arbitrary network of N ports. V,! is the magnitude
of the input wave at the port m and V,;~ is the magnitude of the output wave at the
port n [Pozar, 2011].

2.4 Mixer architectures

One of the goals of this thesis is the design of a SIS mixer for the HFA array
of CHAI. In general, a mixer is composed of a circuit network and a non-
linear element. The network allows for the manipulation and the physical
coupling of the Local Oscillator (LO) and Radiofrequency (RF) signal, while
the non-linear element, be that a simple diode, Schottky or SIS junction,
generates signals at frequencies |wrp + wrr|. To understand the choice of
mixers done in this thesis, the basic properties of the most common mixer
configurations are presented.

The most basic mixer architecture corresponds to a diode and a resistance in
parallel, shown in Fig. 2.16] For classical mixers, the non-linear relationship
allows for its power expansion. Let V;,, = Vipcos(wrot) + Vrpcos(wrpt) be
the signal feed to the mixer. The response can be expressed in a power series
as

oo
Vo =3 Vi (2.76)
n=0
Concentrating in the second order term V2 we get
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— VRF

— VLO

Figure 2.16: Simple single diode as a mixer.Left: Schematic of the diode as mixing
element where the Voltages from the RF and LO signals are superimposed and fed
to the diode. V,,; contains the signal that is shifted in frequency. Rigth: I-V
characteristic of an ideal diode. For the forward bias, no current can flow through
the diode until the voltage reaches a certain threshold (Vt]) where there is a strong
non-linear relationship between the voltage and the current. This nonlinearity allows
for mixing the Vyr and Vi signals.

V2
X2V;721 = X2 (VZoCOS(wlot) + V}fcos(wrft))2 = ﬁ(l + 003(2w10))+

2
ViV
le (cos(wiot + wyst) + cos(wiot — wpt))+  (2.77)

‘/;2
Tf(l + cos (2w, st))

The higher order components of Eq[2.76] yield components with frequencies
multiples of wrpr, wro and its difference and sum, mwro, nwrr and mwro £
wrr. These components are not desired, and hence, they are filtered out.
The particular component of interest is the product obtained by the product
of cosines, particularly the cos((wLO — wRF)t). By selecting this term, the
following output signal is obtained

Vour = Xcos(wigt) (2.78)

where X a constant and w;p = |wro — wrr|. Mixing elements based on
SIS tunnel junctions can not be described by the classical analysis presented
here since its IV relationship in the presence of the Rf field can only be de-
scribed in a quantum mechanical picture. Instead, they are described by the
quantum theory of mixer [Tucker and Feldman, 1985]. The described mixer
architecture allows for the frequency shifting of the RF signal to lower fre-
quencies (Downshifting) by selecting the proper LO frequency and producing
a new signal at wrp = |wro —wgr|. The bandwidth of the IF path is limited
and determined by the frequency response of the IF components after the
mixer. in particular the low noise amplifiers. For our case, the IF' bandwidth
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Figure 2.17: The spectrum of a conventional double side band receiver with the
RF band and the Image band. In this configuration, both the USB and LSB are
superimposed in the IF band. This means that any feature or noise present in any
of the sidebands is added to the IF band, increasing its noise floor.

is 4-8 GHz. The fact that wyp = wro — wrp defines the Upper Side Band
(USB), for wrr > wro and the Lower Side Band (LSB), for |wrr < wirol
The sideband which contains the desired RF signal is referred to as the RF
band, meanwhile its mirror band concerning the LO signal is the Image band.
The Image band is often undesired as it does not contain useful information
and its addition increases the noise at the IF band. However, a more complex
mixer configuration can filter this image band out (Single Sideband SSB ) or
even produce two different outputs for both sidebands of the receiver (Side-
band separating 2SB). The mixer setup in Fig. is a Double Sideband
mizer (DSB) given that the output IF signal is a superposition of the USB
and LSB bands.

2.4.1 Single Sideband mixer (SSB) and Sideband separating mix-
ers (2SB)

Depending on how the image band is handled, it differentiates between these
two kinds of mixers. The SSB mixer configuration is similar to the DSB
configuration with the difference being that in this case the image band
is filtered out before the RF signal is downconverted. In the 2SB mixers,
the image and the RF band are separated and the imaged band can be
rejected or processed, depending on preference, after the mixing process is

done (Figf2.18)).

The SSB mixer first requires a filter, either a high- or low-pass filter before
the detection is done. This is often not ideal as achieving a filter with the
desired frequency response for the RF band is a difficult task, especially for
submilimetre frequencies. Another fact is that having a filter before the signal
is detected, limits the frequency operation of the receiver onto a certain band,
either LSB or USB. The second requires a more convoluted configuration to
achieve the separation of the sidebands.

In a 2SB mixer, the RF signal can be decomposed as a superposition of both
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Figure 2.18: Schematic of a Sideband separating mixer, where Zrp is a hlgh
frequency load. The input Vzp can be decomposed in the side bands Vgrcos(w%s 52 Bt)

and VRFcos(wé%B t) and a subsequently separated by the mixer in V,G;S B and VUSB.

This mixer architecture is considerably more intricate than the simple DSB mixer,
requiring 90° at both the RF and IF ends and two non-linear components for the
separations of the sidebands.

the lower and upper sidebands

V= chos(w;:‘fbt) + V,pcos(w i’jcbt) (2.79)
where w928 = wro + wWVRP and WEYP = wro — wWEIB. The signal is then fed
through an RF hybrid, that splits the signal in equal parts and introduces
a m/4 phase difference between them. These two signals are mixed down to
the IF by two mixers with two LO signals of the same frequency and phase.
Consequently, the resulting IF signals of the mixers have a well defined phase
difference, as visible in eq)2.80. When the Vzlbe and V#Sb outputs are then
coupled through another hybrid, either the LSB or the USB is cancelled out,
depending on the output port used. Meanwhile, the other sideband is added
in phase at that same port.

The separation of the sidebands is achieved when the IF output signal from
the mixers is recombined by the IF hybrid. The output signals from the
hybrid are

Vle = Vs cos(w fjcbt)
(2.80)
V“Sb = Vs cos(w “3bt —7/2)
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2.4.2 Balanced mixer

The balanced mixer is an architecture that addresses a reduction of noise
in the IF signal by manipulation of the phase of the LO and RF signals
rather than by manipulation of the IF bands. This kind of mixer requires
either a 180° or a 90° hybrid to couple the Vo and Vgzp signals before
feeding them to two non-linear elements. In contrast, In the previous mixer
architectures, the LO and RF signals where already coupled before being fed
to the mixer. [Kooi, 2008] gives a mathematical description of the IF current
using a classical approach and a resumed version of it is presented in this
text as well. The current in the mixers can be expanded as polynomial

= akv]\]j[ixer ias (t)
IMi:):ean-as — Z k'er s (281)
k=0 )
- bkvk 1Ter_p; (t>
IMia:er_bms - Z(_l)k : M k'_blab , (282)

k=0

where the aj, b, are the mixer conversion gain, assuming that the mixers
have the same gain a; = by, the IF currents for the 180° and 90° balanced
mixers are

a2

T jwyrt
]z'f = aﬂ/rfé‘”f +§

[Verzoej (“’"ﬁmwlo)’f] +
(2.83)

as W, i (w, mwio
T3 [‘/;3}633 st + 3‘/7“]”‘/[(2)67( F+2muw )t]

/2 ay j(Wy p—T i (muwyet+m a3z V.V (mwie+wr
8'3!(1,3 [

\/iejﬂ/‘l

‘/r?} e3jwrft + BWngej(Qleo+WTf)t . 3j‘/20‘/7“2fej(2w7.f—|—mwlot) - ]‘/Eg e3jwlot]
(2.84)

In the case of both balanced mixers, the phase difference introduced by the
hybrid, either 180° or 90°, and the reversely polarized mixers are responsible
for the LO noise immunity. The LO and RF delivered to the two reversely
biased mixers have a specific phase difference between them. This difference
is responsible for the properties of the balanced mixers.
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Figure 2.19: Schematic of a balanced mixer. The V7o and Vrp are combined by
the RF hybrid. For a 90° hybrid ¢ = ¢ = 90°, meanwhile for a 180° ¢ = 180° and
@ = 0°. The signal is then fed to the two mixers in reverse bias and then recombined
by the IF combiner.

The choice of which architecture to use from a pure performance point of view
is the 180° hybrid as it has superior isolation between the local oscillator and
radio frequency signal. However, the implementation and integration of such
a hybrid is a difficult task in submillimetric receivers. For that reason, the
90° hybrid is chosen for balanced mixers even if the isolation between the LO
and RF signals and harmonic intermodulation are worse [Kooi, 2008].

2.5 Sensitivity of heterodyne receivers for radio astron-
omy

The noise that the detector adds to the signal limits the weakest signal that
can be detected. It can be Johnson-Nyquist (Thermal noise), shot or flicker
noise. The spectrum of these different kinds of noise is not necessarily the
same, However, for simplicity’s sake, it will be assumed here that the noise
power is independent of the frequency over the bandwidth of interest (White
noise). For the analysis and treatment of the noise, the noisy detector is seen
as a combination of a noiseless detector with a noise source at its input that
is responsible for delivering the noise power at the input of the device. This
source is often represented as a noisy resistance that delivers noise power
P, at the input of the detector. This in turn produces an equivalent noise
power P, at the output of the device(Fig. [2.20). Viewed from a classical
standpoint, the noise power P, available from a resistor R at a temperature
T over a given frequency bandwidth B is

PR — kpTB, (2.85)
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where kp the Boltzmann constant. This is the Rayleigh-Jeans approximation
for the power produced by the resistor. It is important to notice that this is
only valid for the regime where hw < kgT'. For the case where the previous
condition does not hold, the Planck black body radiation law has to be used
to calculate the power per Hertz available from the resistor [Pozar, 2011] p.
499.

hw

Pl = e (2.86)
There is another definition for the calculation of this power if the vacuum
fluctuations are considered to be part of the power delivered by the resis-
tor. This is the Callen-Welton definition for noise power, given by Equation
2.87. The matter of whether to use the Planck or the Callen-Welton defini-
tion for the noise power is convention and it is explored in [Kerr, 1999] and
|[Kerr and Randa, 2010], The difference lies in which process the zero point
fluctuations are attributed to. Either to the emitted power generated by the
black body or to the heterodyne detection process. In this work, the Planck
definition is preferred, due to corresponding to the power emitted by a black
body at temperature 7' and angular frequency w,

hw hw
cw . Iwo W
P = o + 5 (2.87)
This noise power defines a Noise Temperature T,, as the available noise power
per hertz of bandwidth (B = 1 Hz) divided by the Boltzmann constant. The
noise temperature is the usual parameter to express the added noise of a
heterodyne receiver

T, (2.88)

I
SHRY

Determination of Noise parameters

The measuring of the P, or T, of a detector is done using the Y-factor
method, where the noise power generated by two black body radiators at
different temperatures is delivered to the device and the output power is
measured. The Y-factor is then defined as

y=22_ (2.89)
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Figure 2.20: The output noise power P, coming from a device can be seen as
a combination of a noiseless device with a black body radiator at the input. This
resistor produces a noise power at the input of the device that generates the same
output power P, at the output of the device. Image inspired on [Pozar, 2011] Figure
10.5.
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Figure 2.21: Y-factor measurement scheme. Here the device under test is coupled
to the two loads at different temperatures and the output power is measured. The

output power with both loads is then compared and it receives the name of Y-factor
Y = Py/Pe.

After the Y-factor has been determined, the equivalent noise power and noise
temperature of the device can be obtained as

_ Py—Y- P
Y -1

P, (2.90)

 Ty-Y - Tp
Y -1

T (2.91)

The determination of the noise parameters of a network can be calculated
if the noise parameters of the individual components are known. The noise
temperature of a cascade of M devices, each with noise temperature 7} and
gain G, is

T T T,
Tcascade - Tl + -2 + ’

_ ... 2.92
o Ta e a6y G (2.92)

The noise temperature of the cascade of elements is dominated by the char-
acteristics of the first device. Assuming G; > 1 can be seen that the gain of
the ¢ component in the cascade does attenuate the noise contribution of the
M —1 following components It is then of great interest to have the gain of the
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first component as large as possible as it will decrease the noise contribution
of all the other components in the cascade.

The mixer noise temperature is referred to as the output IF band and it
depends on the exact mixer configuration, as it determines how the image
and RF band are handled. For example, an SSB mixer that terminates
one of the Image bands in a low temperature load may have a lower noise
temperature than a DSB that merges both the Image and RF bands into the
IF' band.



Chapter 3

Design of superconducting planar
components

This chapter details the design process of the superconducting planar com-
ponents for the LFA (460-500 GHz) and HFA (780-820 GHz) arrays. First,
the software tools with the considerations and parameters required for sim-
ulation are introduced. Subsequently, the designs for the LFA components
are presented with their parameters and, afterwards the performance of the
integrated component. Finally, the designs for the HFA components are pre-
sented.

3.1 Commercial Electromagnetic 3D /2D simulators

The use of electromagnetic simulators yields a preliminary result of the char-
acteristics of the components to fabricate, permitting their adjustment and
optimization before fabrication. They are a valuable tool that not only per-
mits a faster design process but also the troubleshooting and debugging of
components. The simulators used in this thesis are the 3D high frequency
suite from CST - Computer Simulation Technology GmbH., The 2D Son-
net software and the 2D/ schematic simulator from AWR microwave office
software.

The CST high frequency suite was used as the main software for the design
of the superconducting planar membranes for both the LFA and HFA com-
ponents. The superconducting parameters of the niobium (Nb) and niobium
titanium nitrate (NbTiN) are implemented as a complex surface impedance
as a function of frequency. The surface impedance is calculated in Sec. 2.1.4]
using the Mattis-Bardeen approximation.

The 2D Sonnet is used for the design of a preliminary HFA SIS tuning struc-

70
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ture. Sonnet does not allow for the implementation of the surface impedance
table as CST. Instead, it allows a frequency independent surface impedance
in units of /00 (Ohm-square™). The superconductor properties are cal-
culated by the use of the DC resistance and the surface reactance in the
following equation

Zs= Rpc + jwLsg, (31)

where the surface inductance is obtained from eq. with Az, the London
penetration depth calculated from eq. 2.9 In practice the values for the Rp¢
and L, are taken so the resulting surface impedance complies with the cal-
culated surface impedance obtained from the Mattis-Bardeen approximation

(eqs. 25, 2:20).

Another software utilized for 2D planar components design is the AWR mi-
crowave office software. It is utilized for the tuning and matching of a mi-
crostrip Wilkinson power divider. AWR allows for the use of generalized
transmission lines where the input parameters are the propagation constant
of the line and the impedance. For superconducting microstrip lines both

parameters can be obtained theoretically from equations described in section
or can be simulated using a 3D solver.

3.2 Design philosophy

The components designed are classified as the passive devices required for
the LO distribution network for both the LFA and HFA arrays and for the
HFA balanced mixer. For the power distribution components, it must be
considered how CHAI is intended to operate the 64 heterodyne pixels. The
64 pixels are arranged in a 8 x 8 square array composed of 16 blocks, each
with 4 pixels. Inside the 4-pixel block, three 3 dB power dividers are required
to distribute the LO signal delivered to the block (Section [1.5]). This means
that a total of 48 individual 3 dB power dividers are required for the 16 4-
pixel blocks. This poses a challenge for the fabrication of the power dividers
as it means that the chosen design needs to have a repeatable performance.
Hence it is desired that the components designed are modular, have a fast
production time and allow for modifications with backwards compatibility.
Another restraint is that the chosen design has to be able to be replaced or
repaired without interfering with the performance of the mixers that lay on
the same block. For this reason and the current technical capabilities at hand
at the I. Physikalisches Institut, power dividers based on superconductor
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films over silicon membranes are chosen instead of waveguide components.

The evaluation of any given component is done by quantifying its S-parameters.
The transcendent goal is to achieve a specified pixel sensitivity (sec. [1.5)).
Still, there is no straightforward way to translate this sensitivity requirement
into the realistic performance specifications on the S-parameters of the indi-
vidual components constituting the network, especially considering them in a
complex network scenario. For this reason, there was an incentive to fabricate
and test an early batch of components, and from the results obtained, make
the necessary adaptations for the next batch. This incentive is strengthened
by the availability of resources in the microfabrication laboratory. The first
batch/ generation of power dividers was designed and fabricated in late 2019/
early 2020, just before the COVID-19 pandemic, which abruptly interrupted
the testing and characterisation. This meant that the second batch/genera-
tion of components would come three years later.

For the LFA components, the superconductor of choice is niobium given its
gap frequency (~ 650 GHz) falls above the LFA frequency. The metallization
thickness is 150 nm over a 9 um silicon membrane. The operating frequency
of the HFA (800 GHz) means that NbTiIN ( fg,, = 1095 GHz) has to be used
instead of Nb (fgap = 650 GHz). components are to be fabricated on a 350
nm niobium titanium nitrate film on top of a 5 pm silicon membrane.

3.3 400-500 GHz planar components

The current section describes the design of microwave components that are
required for the power distribution scheme proposed for the 4-pixel block
(section [1.6.2). Planar superconducting technology has been chosen over
machined waveguides to be the components fabrication scheme. CPW lines
and microstrip lines stand over other planar transmission lines like slotlines
or striplines due to the ease of design and manufacture. Given the fact that
the current size limitation for a substrate to be processed at the Institute
clean room is about 30 mm, the ambitious idea of implementing all planar
components (LO distribution network and mixers) in one chip is quickly

discarded.

The present science case for the CHAI receiver sets the centre frequencies
for the LFA, are fX4 = 480 GHz, and HFA, fF4 = 800. Even though
the components required for the LFA and HFA are of the same kind, the
operational frequency of the HFA does not only mean a reduction in dimen-
sions but also the use of NbTiN instead of Nb as superconducting film, whose
characteristics must be taken into account in the optimization of the planar
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components here presented. The components for the LFA 460-500 GHz are

e 3 dB power divider - CPW 90° Hybrid
e Waveguide-slotline-CPW transition

e Compact termination

e Compact CPW-microstrip transition

e Microstrip Wilkinson
The HFA 780-820 GHz components are

e Mixer hybrid 1 - CPW 90° Hybrid

e Mixer hybrid 2 - CPW 180° Hybrid
e Waveguide-slotline-CPW transition
e Compact CPW-microstrip transition
e Power divider - Microstrip Wilkinson
e RF blocking filter

e SIS twin parallel Tuning structure

3.3.1 First generation 3 dB Power divider

The CHALI focal plane array architecture, at its most basic block, established
that the LO radiation must be distributed to four mixers (detailed in section
[1.6.2 Fig[l.9 and Figl3.1)). A symmetric 2-stage cascade scheme comprising
three 3 dB dividers is selected. Here the input power is divided in two equal
parts by the first power divider and subsequently delivered to another two
3 dB power dividers which deliver the power to the mixers. For the choice
of power divider based on planar transmission lines, the two most commonly
used are the Wilkinson power divider [Wilkinson, 1960] and a 3 dB branch
line hybrid [Reed and Wheeler, 1956]. The selection of which one to use
depends mostly on the ease of implementation in the transmission line of
choice. A comprehensive analysis of more modern designs of the Wilkinson
divider can be found on [Pozar, 2011] as well as the analysis of the simplest
of branch line hybrid models.

First is the selection of the transmission line in which to implement the
power dividers, either CPW or microstrip lines. This decision depends on
its feasibility and ease of fabrication given the current capabilities at the mi-
crofabrication lab. In this regard, CPW has a clear advantage over standard
microstrip lines given that CPW requires metallization on only one plane.
Standard microstrip lines require metallization on both sides of the silicon
substrate, jeopardizing the feasibility of any design. Nonetheless, this incon-
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Figure 3.1: Schematic of the 4-pixel block with the 4 mixers. Enclosed in the
red box is the power division scheme. This work’s proposed power division scheme
comprises three 3dB power dividers in a cascade configuration. Blue letters label the
ports of the 3 dB power divider. The LO power is received at the input port (labelled
with 7), and it is divided equally to the transmitted port (T) and the coupled port
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Figure 3.2: Schematic of the CPW and SiOs microstrip. Left: Schematic of the
CPW line. Right: Schematic of the SiOy microstrip with the layers labeled. The
5104 layer thickness is exaggerated for a better display.

venience can be avoided by having a microstrip whose substrate is not silicon,
but silicon dioxide (SiO9) (Fig. CPW and sio2 microstrip Right). By sput-
tering silicon dioxide over a bottom niobium layer it is possible to use this
layer as the ground plane and have a microstrip line that requires fabrication
on only one side of the substrate. This kind of microstrip line is from here on
called SiO9 microstrip to differentiate it from the standard microstrip on a
9 pm silicon substrate. The caveat of the SiOy microstrip is that the silicon
dioxide layer can crack and peel off of the ground niobium layer; the risk of
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this happening increases the larger the silicon dioxide patch is. Additionally,
the coverage of the niobium ground layer may not be perfect and there may
be a connection between the ground and top layer of the microstrip line,
rendering the line useless. For this reason, the first batch of power dividers,
made in Q4 2019, is fabricated on CPW lines as the chances of defects on
the fabrication are fewer. For the second batch of power dividers, made in
Q4 2023, the devices are built in a combination of CPW and microstrip over

S5i0s.

Once the transmission line type has been selected, it is time to choose the
power divider itself. It is important to consider the effect the substrate has
on the electrical parameters of a coplanar line. Silicon, with its high relative
permittivity of 11.9 (Standard value at room temperature, 11.7 at 4 K),
reduces the guided wavelength by a factor of ~ 2.7, placing limitations on the
geometry of transmission lines. This characteristic of silicon is inconvenient
to planar designs, especially when the lines have length constraints and/or
have to be bent in special geometries. This will play an important role in
the election of the power divider.

A possible candidate for the power division is the branch line coupler. It is
a symmetric four-port device proposed by J. Reed and J. Wheeler

[Reed and Wheeler, 1956], shown in Fig[3.3 Top. The input signal incident
on port 1 is divided into ports 2-transmitted port and 3-coupled port. The
ratio between power delivered to these ports can be tuned by the charac-
teristics of the branch lines, with the number of branch lines increasing the
operational bandwidth of the device. Port 4 ideally does not receive any
signal coming from port 1 and it is called the isolated port. A three-branch
line design has been selected as it is a good compromise between bandwidth
and fabrication feasibility. The reason why not to pursue a design with a
broader bandwidth is twofold. First is that with an increasing number of
branch lines, the respective impedance becomes larger, leading to impracti-
cal lines with extreme dimensions; to the point where the line’s dimensions
preclude the design of the branch line coupler. For example, a four-branch
line coupler with a feed line impedance Z; = 402 would require lines with
an impedance of ~ 180 €2. This high impedance value falls beyond a feasible
limit of impedance achievable for CPW lines. Second, with an increasing
number of branch lines, their impedance has smaller and smaller differences
between them, resulting in similar line dimensions for two successive branch
lines. This leads to tighter tolerances in the fabrication, resulting in a design
whose comparative advantages over a three-branch line coupler do not justify
its selection over the latter.
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The fact that the branch line coupler only requires straight lines and it is
relatively easy to implement in coplanar waveguides drives its selection as
the core component for the first batch of power dividers. This design is
still nonetheless subject to the silicon effect, Although its effects are not as
aggravating as with the Wilkinson divider. This is due that no bent lines
are required for this design. This is further detailed in later in this text in

section 13.3.2l.

The implemented CPW branch line coupler is shown in Fig[3.3] The feed line
coming from port 1 has the reference characteristics Zy and [y (480G H z).
These parameters are used for the calculation of the branch line dimensions.
from now on, Zj, By will refer to the main CPW feed/output line that will
connect all other CPW components. Following the equations for a three-
branch line coupler given in[Reed and Wheeler, 1956], the initial impedance
for the branch lines is calculated and given in table [3.1]

There are two important things to consider at this point, before the assembly
of the branch line coupler in the 3D simulation software. First, the theoretical
analysis of the branch line hybrid done by [Reed and Wheeler, 1956] made
several simplifications to ease the analysis of the device. It assumes that there
are no fringing effects at the connections between the branch lines (lines Z,
and Z,.) and the main lines (line Z). This is usually the case when the dimen-
sions of the line are very small compared to the guided wavelength. In our
case, the guided wavelength is A\jo ~ 267 pum and comparing to dimensions
of the lines (table B.1]), especially line Z,, it can be seen that this statement
does not hold any longer, since its width is about > Agyigeq/10. This does,
effectively, decrease the precision of the analysis done. Second, as discussed
in section 2.2.2] the even and odd modes of the CPW are degenerate and
both will propagate through the line if the conditions allow it. To suppress
the odd mode, grounding bridges are placed at discontinuities in the line,
ideally at everyone (section [2.2.2]). This solution, however, comes at a cost.
It does not only make the fabrication of the device more elaborate but also
affects its performance by altering the electrical properties of the transmis-
sion line. Grounding bridges introduce a considerable parallel capacitance to
ground in the line increasing its capacitance per length. This has the effect
of shortening its electric length and lowering the intrinsic impedance of the

line at that point (egs. [2.49] 2.52 and [2.69).

These two factors detune the initial design of the branch line coupler. The
effect of the grounding bridges in the CPW lines can be partially compensated
by the introduction of an inductive section, which is a thinner section of
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line just under the grounding bridge. This section not only reduces the
effective capacitance of the bridges but also increases the inductance of the
line in that particular section. For the three-branch line coupler, the inductive
compensation was not implemented since it was not deemed necessary.

The model is optimized in CST taking the initial dimensions (Table as
the starting point. The optimization parameters are the impedance of the
lines Z, and Z., and the lengths [y and [,. To avoid the introduction of yet
another optimization variable, the lines Z. and Z, remain with the same
length [,. The final dimensions for the branch line coupler are tabulated in
table [3.2). The simulated results of the optimized version are shown in Fig.
B.4l The reflections are below -10 dB in the LFA band as well as the isolation
between ports 1 and 4. The balance in power distribution shows that the
points of balance achieved at 432 GHz with —3.33 dB and 557 GHz with
—3.7 dB. At 480 GHz there is a difference of 0.34 dB in the balance approx.

3.3.1.1 Waveguide to CPW transition

The CHALI focal plane unit and its dimensions set the need for a waveguide
to CPW transition. Even if the complete cascade division and the mixer
would be carried out in one single chip, the incoming LO power and RF
signal are still coupled by a rectangular waveguide. The performance of a
waveguide to CPW transition has been proven in [Westig, 2013], by using it
as the waveguide interface of the 3 dB coupler of the balanced mixer. Hence
the same design is taken for the waveguide to CPW transition and the model
developed by Marc Westig is taken as the starting point for a new design.

The feasibility of a tapered slotline antenna was first demonstrated in
[Acharya et al., 1993| as a free space antenna. The waveguide-slotline-CPW
model that was used in [Westig, 2013|, and in this work, was proposed by
|[Lin and Wu, 2001]. A transmission line schematic and the actual model
are presented in Fig[3.5] In this transition, the waveguide T'Ejy couples
the 460 x 230 um? to the silicon substrate through a tapered slotline, whose
length is about A\/4, matching the waveguide to a slotline of impedance 70 2.
Subsequently, the Agotine /4 slotline section ends in a slotline-CPW transition
made by the A/4 crooked balun and a grounding bridge [Ho et al., 1994a].
|[Lin and Wu, 2001] bends the slotline balun to fit in the silicon substrate.
For the case of the Waveguide-CPW transition, an inductive compensation
for the grounding bridge does not introduce any additional problems to the
design, hence it is done by having a reduced CPW main line of 6 y laying a
3 pm wide Nb film over a 800 nm thick Si02 section. The dimension of the
waveguide-CPW transition is labelled in fig[3.5] and tabulated in [3.3
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Figure 3.3: Top: Schematic of a branch line coupler with the characteristic
impedance and length for all sections. Here, port 1 is designated as the input port,
The signal is then divided into ports 2 and 3, meanwhile port 4 ideally does not
receive any power. Due to the geometry and layout of the branch lines ports 2 and
3 are /2 off phase (¢3 — ¢3 = —7/2). Since the guided wavelength of a given line
depends on its impedance, lines Z, and Z. should have different lengths (Lambda, /4
and Lambda,/4 respectively). In order not to add complexity to the design they are
the same length [, corresponding to the design length for line Z.. Bottom: Model
of the hybrid on CST. One of the main issues with the model is the modification of
the line parameters introduced by the necessary grounding bridges. Here all bridges
are 3 um wide placed on top of a 0.8 um thick SiOs patch

Table 3.1: Initial parameters of the hybrid

Line | Width (W) [pum] | Gap (g) [um] | Impedance 2] | Length [pm]
2o 13 3 38.7 lp = 66.6
Zy 2 16 105.03 I, = 68
Z. 8 7 57.15 I, = 68

Table 3.2: Final parameters the hybrid

Line | Width (W) [pm]| | Gap (g) [#m]| | Impedance [Q?] | Length [pm)]
Zy 13 4 42.05 lo =53
Ly, 2.9 14.9 95.11 I, = 62
Z. 10 5.8 53.68 I, = 62
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Figure 3.4: Parameters of the three branch line coupler. Top: Reflection and
transmission to isolated port, both parameters are well below the requirements of
—10 dB. Bottom: Transmission to transmitted and coupled port.

An aspect that was not explored in the design process done by [Westig, 2013]
is the interaction between the waveguide cavity and the membrane cavity.
The membrane cavity is defined as the cavity that houses the silicon mem-
brane. It differentiates from the waveguide as it has a reduced height of 200
pm and starts immediately after the tapered slotline antenna. The inter-
face between the membrane cavity and the waveguide is marked with the
dotted red line in Fig. [3.6| The effect of the milling tool is incorporated
into the design and it has a milling radius of 100 um in the corners of the
waveguides. By increasing the distance that the waveguide enters into the
membrane cavity it is possible to further tune the parameters of the antenna.
The optimum distance that the waveguide enters the membrane cavity is 60
pm. The simulation results of the antenna are shown in Fig. [3.7 Reflection
over the band from both ports, the CPW and the waveguide ports are below
—20 dB and the transmission from CPW to the waveguide is above —0.4
dB in the LFA band. This model of the slotline antenna is used for the first
generation of power dividers based on the three-branch line coupler.
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Figure 3.5: Waveguide to CPW transition. Top: Transmission line schematic of
the waveguide to CPW transition. For clarity’s sake, the different transmission line
types have been marked with different colours. Bottom: Model of the Slot antenna
with the dimensions labelled. The slotline serves as a A\/4 transformer between the
waveguide and the slotline section, labelled with I4.:. The slotline is then adapted to
the CPW by the use of a A/4 slotline balun. There is a grounding bridge to impede
the excitation of the CPW odd mode at the interface between the slotline and the
CPW lines.
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Figure 3.6: Top view of the waveguide-CPW transition. Here the limit between
the membrane cavity and the waveguide is marked by the red dotted line. Standard
waveguide-slotline transitions have the waveguide ending where the membrane cavity
starts.
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Table 3.3: Parameters of the Waveguide-CPW transition

Parameter | length [um]| | Parameter | Length [um] | Parameter | Length [pm]
ll 52.2 l7 54.4 Gbalun 4
I 52.2 s 119.2 lind 6
l4 42.4 llO 24.1 Wy 3
l5 40.4 lslot 47.9 Wyq 9
l6 23.2 Gslot 4 dwg n 60
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Figure 3.7: Parameter of the tapered slotline antenna. Both reflections at the
waveguide port (S11) and the CPW port (Sa2) are below —20 dB of reflections in
the band.

3.3.1.2 CPW bends

For the integration of the three-branch line coupler and the waveguide to
CPW transitions, it is necessary to incorporate 90° and 45° bends. To re-
duce the footprint of the membrane, a compact 90° CPW chamfered bend
is selected (Fig. 3.8). The bend requires two grounding bridges to hinder
the odd mode propagation and ensure the wavefront remains symmetric con-
cerning the propagation direction of the line [Lahiji et al., 2010]. The added
capacitance of the airbridges is then compensated with inductive sections
under them. The bend has a chamfer in both the main line as well in the
outer ground plane, with the gap of the line remaining constant. The depth
of the chamfer is such that the chamfered sections are 1.86 times the width
of the main line [Rida et al., 2009, [Zou et al., 2010]. The dimensions of the
90° can be found in table 3.4

A double 45° bend, or S-bend, is also designed to centre the CPW-waveguide
transition concerning the branch line coupler. This bend requires two pairs
of grounding bridges, a pair for each bend. Since the required dimension
for the chamfer in this 45° bend moves into the location of the grounding
bridges, these bridges do not have direct inductive compensations as is the
case for the 90° bend.

The reflection at the ports of both bends is below —15 and —25 dB respec-
tively. This design allows for the integration of the three-branch line coupler,
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Figure 3.8: Mdeol of the CPW 90° bend. This kind of bend requires grounding
bridges before and after it to avoid the excitation and propagation of the odd mode.
This also ensures the wavefront remains symmetric concerning the direction of the
wave propagation. The grounding bridges are the same as the ones used in the branch
line couplers and the slotline antenna. Their placement is symmetric concerning the
plane denoted in the image.

Table 3.4: Parameters of the CPW 90°

Parameter | length [pm)]
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Figure 3.9: CPW 45° S-bend. Since this S-bend is composed of two consecutive 45°
bends it does require four grounding bridges in total. In contrast to the 90° bend
case, the air bridges are not directly compensated by an inductive section under
them. Instead, only the main line has a chamfer and the ground is left without
it. This produces an inductive loading of the line that compensates for the added
capacitance introduced by the grounding bridges.
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Table 3.5: Parameters of the CPW S-bend
Parameter | length [pm)]
W45 ch 65.3
1 12
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the load and the CPW-waveguide transitions on one membrane.

3.3.1.3 Termination of the isolated port (Port 4)

The branch line coupler design presented in section (Fig. makes
use of the power division from port 1 to ports 2-3 to distribute the LO power
to all mixers and leaves port 4 unused. Since the branch line coupler itself is
a symmetric device, any power reflected from port 4 will be retransmitted to
ports 2 and 3. At first glance, this feature does not seem so important that it
needs special attention after all the incoming power is delivered through port
1, which is isolated from port 4 by design and reflections from ports 2 and 3
are not expected at this stage. However, considering the coupler embedded
in the distribution network and recalling mixer operation conditions, those
statements do not hold any longer. This is because a low-noise SIS mixer,
in general, is not well matched to its input port over the complete frequency
band of interest.

For the design and construction of terminations, there are two approaches
depending on its dimension. There is the distributed load, whose dimensions
are comparable to the guided wavelength, and hence, must be treated as dis-
tributed elements. The second approach is lumped element approximation,
in which the dimensions of the termination are small compared to the guided
wavelength. These elements are treated as lumped/concentrated elements
such as resistors, capacitors or inductors.

There is also the consideration of which transmission line the termination
will be implemented, as the geometry of the termination depends on the
transmission line. Waveguide terminations are an example of the distributed
approach. These kinds of terminations usually involve an absorptive coni-
cal /pyramidal wedge structure placed in the waveguide. They have been ex-
tensively used and tested, where usual reflection from such structures are un-
der —30 dB [Mena and Barishev, 2005, Kerr et al., 2014, [Hesper et al., 2017].
Such results make this kind of termination an attractive possibility to ter-
minate the isolated port of the hybrid. On the other hand, for planar cir-
cuit loads, usually the lumped element approach is used, mainly due to the
ease of integration with the branch line coupler. At the time of design-
ing the power divider, no implementation of a CPW termination in a high
frequency scenario was found in academic literature. For microstrip lines
termination and attenuators based on thin film resistors have been devel-
oped for frequencies up to 50 GHz [Monje et al., 2005, [Cuong et al., 2007,
Lopez-Berrocal et al., 2009, [Li et al., 2021
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Since waveguide termination technology is an already mature technology with
proven performance in the microwave frequency range and astronomical re-
ceivers, it is the first termination to be studied as a possible termination for
the branch line coupler. The feasibility of a waveguide termination depends
on the possibility of having a branch line coupler with four waveguide tran-
sitions. This since 3 waveguide ports are required to receive and divide the
incoming power and the fourth waveguide port has to be terminated in a
waveguide load. An initial integrated model with four waveguide transitions
is shown in Fig. with promising results (Fig]3.11]). Nevertheless, this
model runs into the problem that the distance between the output waveg-
uides is too small compared to the recommended distance by manufacturing
personnel of 700 pm [Mechanikwerkstatt, 2018]. The fact that the foot-
print of the CPW branch line coupler is comparable to the footprint of the
waveguide to CPW transition makes it difficult to adhere to this distance
requirement. A possible solution for this is to increase the length of the lines
between the branch line coupler and the waveguide transitions. Additionally,
the orientation of this transition can be changed to increase the distance be-
tween waveguide walls. These solutions come with the problem that longer
CPW lines require grounding bridges to hinder the propagation of the odd
mode, otherwise it couples to the cavity generating a myriad of resonances.
A model with these considerations implemented is shown in Fig[3.12] with
results shown in Fig. [3.13] This model is the seventh iteration of the de-
sign in an attempt to remove the cavity resonances of the model. Still, a
resonance is visible at 487.5 GHz. The modifications added to maximize the
distance between the waveguide and the suppression of the CPW odd mode
deteriorates the performance of this model, the reflections are under —13 dB
and the amplitude imbalance is about 1.2 dB.

The antagonistic goals of increasing the cavity size, maximising the distance
between the output waveguides, and minimizing the circuit footprint, to avoid
the coupling to cavity resonances, set a trade-off where neither of the out-
comes is acceptable. Given the time constrictions and resources at hand,
designing a power divider with a waveguide termination is therefore deemed
not feasible.

Moving to an on-chip CPW termination requires a resistive material first.
Titanium Nitrate is a superconducting material whose bulk transition tem-
perature is 5.3 K. In thin films of TiN, the critical temperature and DC
resistance depend on the thickness of the film. For a 90 nm thin film the
critical temperature measured is 1.8 K and has a DC sheet resistance of 25
/0. It is assumed that the electrical properties of TiN at 500 GHz do not
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Figure 3.10: CST model of 90° branch line coupler with four waveguide transitions.
Here the transitions are placed symmetrically without the addition of an extended
CPW line to separate the waveguide-CPW transitions. This presents a challenge for
the manufacture of the cavity as the distance between the waveguide should be at
least 700 pm.
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Figure 3.11: S-parameters of the 90° branch line coupler with four waveguide
transitions.

vary significantly from its DC characteristics. Taking these values for the
sheet resistance a load of dimensions 13x20 um? (Fig. is designed by
using the sheet resistance equation Z; = Rp - L. The width, and hence
length, of the termination has the same width of the feed line Z, to avoid
fringing effects and parasitic caused by the corners of the line. The 13x20
pm? dimensions give a resistance of Riumpea = 38 €2. The small difference
between Rjympea and Zy is due to a mistake that was made in the calculation
of the line impedance at the moment of designing and integrating the load.
Another important point to consider is that for the lumped element approx-
imation to hold, the length of the element must be small compared to the
guided wavelength. In general, the lumped element approximation is sum-
marized as lcomponent <K Aguided- Considering that Agyiqea(480GHz) = 266.4
pm, the length of the load is about one-thirteenth of the Agyigeq. Consid-
ering these dimensions, the lumped element approximation is expected to
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Figure 3.12: 90° hybrid with four waveguide interfaces. The arrangement of the
four outputs follows the necessity for a structurally sound cavity, where the thickness
of the walls separating the waveguides should be greater than 700 pm. The additional
grounding bridges on the CPW lines between the antennas and the 90° hybrid are
added to prevent the CPW odd mode, which easily couples to cavity resonances.
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Figure 3.13: S-parameters of the Tth iteration of the 4 antenna hybrid. Right:
Reflections at the input port 1 and transmission to the isolated port 4. Left: Trans-
mission to port 2 and coupling to port 3 from the input port 1. A clear resonance
can be seen at 487.5 GHz. Even though the magnitude may seem insignificant in the
simulation, it is still an undesired feature in the design given that interactions in the
complete power division block may enhance its effect. Additionally, the amplitude
imbalance (S21/531) is larger than 1 dB.

hold. The simulation results show that the reflections of the load are below
—10 dB Fig/3.7. However, the simulated results suggest a deviation from
the expected behaviour as a simple lumped resistance of Z; = 42 (), since
termination of that Z;,,; = 38 would not produce low reflections at all,
since I' = (Zy — 21)/(Zo + Z;) = (42 — 38)/(42 4+ 38) = 0.05 = —26 dB.
This load is implemented despite this fact in a branch line coupler to test its
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characteristics and find out its behaviour at microwave frequencies.

The second type of termination consists of a lossy resonator termination. It
is the same as the TiN film lumped element load, but in this case has a wide
grounding bridge partially over it. This is expected to increase the losses
turning the termination into a lossy resonator. The results are in Fig[3.7] and

it shows a better performance than with the lossy resonator as the reflections
are below —15 dB in the LFA band.

The last termination is the short circuit termination as it will serve as a
calibration termination. This termination produces a complete reflection at
that point. Additionally, a power divider with a short circuit termination is
a component with one fewer uncertainty. A short circuit has known parame-
ters, contrary to the other loads where the properties of the TiN at the LFA
frequencies are still uncertain.

3.3.1.4 CPW branch line power divider with integrated load

Three branch line coupler designs are integrated, one with every different
termination. For convenience, they are referred to as H2N, model terminated
with the concentrated resistor, H2L, terminated with the lossy resonator and
H2S, terminated with the short circuit. The parameters for the H2N model
are presented in Fig[3.16. Results for power dividers terminated with a lossy
resonator and a short circuit are presented in Secl5.2] where the simulations
of all fabricated models are presented. The reflections of the model H2N
are below —12 dB and the isolation between output ports. The transmission
towards the output ports has the points of equal division at 420 and 489
GHz with an overall magnitude imbalance under —0.5 dB in the 460-500
GHz band. It can be seen that the magnitude imbalance quickly increases
after 490 GHz. This and the concern that if there is a frequency downshift
between the designed and fabricated model, the magnitude imbalance at 490
GHz may be greater than expected. For this reason, a power divider where
the dimensions of the lines have been reduced by 3% is integrated. This
change in the dimensions shifts the frequency response of the device about
3%. The simulated results of this model are shown in Fig[3.17 and labelled
as H3N. This model exhibits higher overall reflections over the band. The
magnitude imbalance of this model is under 0.3 dB in the LFA band with
the points of equal power division at 450 and 503 GHz. The model has an
imbalance of 0.5 dB over the 440-510 GHz band.
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Figure 3.14: Models of the CPW line terminations Left: CST implementation of
the concentrated resistor. Right: CST implementation of the lossy resonator ter-
mination. Here the underlying assumption on these terminations is that they are
small enough to be treated as lumped element terminations. That is, these termi-
nations can be represented as a combination of resistor, capacitance and inductance
elements.

Table 3.6: Parameters concentrated and lossy resonator termination

Parameter | length [um] | Parameter | length [pm)]

Y 6 w1 12

g 12 W, 18
| |
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©
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Table 3.7: Parameters of the CPW terminations. The short circuit termination
parameters are not included in the graph as they are already known.

3.3.2 Second generation 3 dB Power divider

The results obtained from the simulation show that models H2N and H3N
should work as standalone components. Reflections of —13dB mean that
only 5% of the power gets reflected and transmissions of 3+0.5 dB equate to
a 50.45 £ 5.79% of power transmitted. In light of these facts and considering
the aforementioned interest in a quick fabrication and characterization ( in
particular, to test the concentrated terminations on the coupler) led to the
fabrication of the devices before any complete receiver description was made.
In Chapter 5, a study on how the network’s overall parameters are affected by
the properties of its individual components is presented. This study serves
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Figure 3.16: S-parameters of the power divider terminated on a concentrated re-
sistor (H2N).

to evaluate the effect of individual mismatches and imbalances and set a
desirable limit for them. Additionally, After testing the first batch of devices
in the 2-pixel block it turned out that the overall performance was not as
desired, prompting the search for an alternative power divider model.
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Figure 3.17: S-parameters of the up-shifted H3N power divider terminated on a
concentrated resistor.

The other possibility mentioned at the beginning of sec. for a power
divider is the Wilkinson power divider [Wilkinson, 1960]. Since it is a three-
port component, it dispenses with a transmission line termination and it has,
in principle, a balanced power division. A CPW microstrip Wilkinson was not
considered due to the difficulties of implementing it on CPW transmission
lines (Fig [3.18). Here both output lines have to be connected by a small
lumped resistor A /4 from the point of division for the device to work properly.
The inherent architecture and distribution of the CPW lines and their ground
planes complicate the implementation since it requires bends in a relatively
short and wide line. This leads to increased fringing effects in the fields of the
structure. Furthermore, the CPW lines require grounding bridges between
the three ground planes, this not only makes the design mode difficult but
also negatively affects the parameters of the design, possibly jeopardizing its
functioning. This elicits the question of whether it is possible to implement
a design based on microstrip lines.

The first problem this idea comes across is the fact that microstrip lines
require a ground plane on the bottom of the substrate. Currently, is not
possible to have a design which has superconducting Nb on both faces of
the silicon membrane. This poses a considerable complication for a possible
microstrip Wilkinson design. The solution is to have both the microstrip line
and the ground plane in the same face of the substrate. This is achieved by
sputtering SiO9 over the Nb (the microstrip ground plane) and then sputter-
ing a second layer of Nb (the microstrip line) on top of it. This has already
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Figure 3.18: Schematic of a Wilkinson divider Source: provided by Wikipedia user
Stiindle. The geometry required for the Wilkinson power divider demands that the
branches are connected by a resistor of value R = 2 - Zy. For the case of CPW
lines, achieving this geometry is particularly hard given how comparatively wide
the lines are in comparison with A\gs. The design is also negatively affected by the
addition of grounding bridges at every discontinuity. These two factors reduce the
performance and bandwidth of the design, and hence, the attractiveness of a possible
implementation in CPW lines

been done on [Westig, 2013| where the tuning structure of the twin parallel
SIS junctions was done on a microstrip over Nb film.

Using this fabrication scheme, a Wilkinson power divider is then designed
in a 400 nm superconducting Nb microstrip line over 300 nm Si0; and 150
nm Nb ground plane (Fig[3.19). This line is chosen because it represents a
compromise between the impedance of the main line and its width. This line
has an impedance of Z,,;cro = 19€). This traduced on an impedance value
for the output arms of Zgyrm = V2 - Zmiero = 26.8 Q, which is achieved by a
2 pm wide line.

What differentiates the Wilkinson divider from a standard Y divider is the
isolation between the output ports. The isolation is achieved by connecting
the output arms with a resistance of R = 2-Zj at \;/4 from the division (Fig.
B-19). The output has to be curved to be connected by the small resistor. For
this case, the chosen design dispenses with the use of compact 90° bends and
uses round arms instead. The reason for this is that compact bends require a
chamfer compensation similar to the ones used in the CPW designs (Fig)3.8)
that has a depth of ~ 70% of the width of the line |Rida et al., 2009]. For
a 2 um line this means that at the narrowest section, there is only a 0.6 um
width line. This tightens the tolerances in the manufacturing process and in-
creases the chances of an open line in the manufactured device. The designed
Wilkinson power divider is shown in Fig[3.19} It is important to remember
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Figure 3.19: Microstrip Wilkinson design with the tree ports labelled. The signal is
injected through port 1 and it is divided equally towards ports 2 and 3. The resistor
situated at Ag/4 from the division ensures the isolation between the output ports 2

and 3.

Table 3.8: Parameters of the microstrip Wilkinson power divider
Parameter | length [um]| | Parameter | length [um| | Parameter | length [pm]
Wy, 3 wr 2 l 105
wy 2 I 2.8 L, 108
D, 46 R, 19.1 Ag 299

the effect the superconductivity has on the transmission lines, by increasing
the inductance of the line the wavelength is smaller than a a comparable line
with normal conducting lines. This feature is an advantage in this setting as
it helps reduce the overall footprint of the SiOy patch required.

The properties of the Wilkinson make it a promising device for the second
generation of power dividers. This provided that the waveguide-microstrip
interface could be designed and fabricated.

3.3.2.1 Waveguide-Microstrip transition

The problem with structures over an extended SiO, patch is that the layer is
prone to break and flake off. The larger the patch, the greater the chance of
this happening. This does not pose a considerable problem for the Wilkinson
divider itself, which has a footprint around 110x110 pm? (Fig.. How-
ever, any design with a direct microstrip-waveguide interface runs the very
plausible risk of failing due to the SiOs patch flaking off of the membrane
and taking the Nb layer with it. This is mainly due to the larger dimensions
required for a waveguide transition. The minimization of this problem in-
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volves the reduction of the patch diameter; A solution that directly clashes
with the maximization of the distance between waveguide outputs set by the
manufacturing capabilities at hand. Additionally, such waveguide-microstrip
transition has yet to be designed and optimized. In light of these facts and
the scarcity of time, pursuing a power divider design based purely on SiO9 mi-
crostrip transmission lines is not a feasible option. The solution that circum-
vents the aforementioned problems is having a design that makes use of the
already designed waveguide-CPW transitions. Then, only a CPW-microstrip
transition is required to deliver the power to the microstrip Wilkinson power
divider. This is achieved by a A/12 transformer. The advantage is that
both, the Waveguide-CPW transition and the concept of A/12 transition,
have been tested.

The CPW to microstrip transition concept was originally proposed by Marc
Westig for his balanced mixer design [Westig, 2013| where a 42 CPW is
matched to a 21 {2 microstrip line. It is a design that takes advantage of the
compact impedance transformer proposed by [Braham, 1961] and it uses it
to adapt two different transmission lines of different impedance Zopy and

Zmicro-

This compact 12th A transformer matches line Z, to line Z;, by two
sections of impedance and length 7,0, and Z,,l,. The matching condition
is that, at the symmetry point of the transformer, the input impedance seen
towards lines a (Z') and b (Z]™) has to be the same. This yields the condition
for the electrical lengths, shown in eq3.2] The limit case of equal impedance
gives the largest electrical length required for impedance matching, that is
[ = X\;/12, for every other case the electrical lengths will be shorter than
1/12th of the guided wavelength.

la 1 §
2 at . 2
N N 2 N E ey (3:2)

where £ = Z,/Z,. For the implementation of this transformer, the input
lines to be matched are a CPW and microstrip, where Zgopy = Z, and
Lmicro = Zp. The CPW line is the standard Z; = 42¢) meanwhile the
microstrip line is the SiO9 microstrip line. A 3 um line over the 300 nm SiO
yields Zpiero = 19 €. From a theoretical point of view, this transformer only
requires that the conditions set on matching sections are met. This means
that the Zj, line of the matching section does not necessarily have to be a SiO»
microstrip, but it can be any line that meets the impedance and electrical
length requirement. The line selected is an inverted microstrip line, where
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Figure 3.20: Schematic of the compact 12th transformer. The matching condition
is set by equating the input impedance Z* = Zg"

the main CPW line is covered by a grounding bridge that acts as the ground
plane of a microstrip.

The designed transformer is shown in Figl3.21] The reflections seen from
both ports, the CPW and the microstrip are below —20 dB over the LFA
band.
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Figure 3.21: CPW to microstrip transition. The design uses an inverted microstrip
section to achieve the required impedance of the first section of the transformer. For
the second section of the transformer, the design uses the standard CPW line.

Table 3.9: Parameters of the 12th transition
Parameter | length [pm)]

lmicros 11.1
lepw 6.2
Wyn 3

Wmbp 9.1
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Figure 3.22: CST model of the waveguide-microstrip transition. This mode differs
from the waveguide-CPW transition since the input impedance is no longer the CPW
impedance but it adds the 12th A transformer. The distance the waveguide enters
the membrane cavity is 30 um in contrast to the 60 pym for the waveguide-CPW
transition for the branch line power divider.

Table 3.10: Parameters of the Waveguide-microstrip transition

Parameter | length [pm| | Parameter | Length [pm)]
lope 138 Wind 6
ls 45.4 ling 6
ly 18.1 l1o 26.1

3.3.2.2 Waveguide-CPW-microstrip transition

The waveguide-CPW interface used for the second generation of power di-
viders is of the same kind as the one in the three-branch line coupler power
divider. That is a waveguide-slotline-CPW transition. The difference is that
now the input line is not a CPW, but a microstrip instead (Fig. .
This means that the input impedance seen from the slotline sections is no
longer the impedance of the Z.,, but the impedance of the complete CPW-
microstrip transition.

The waveguide-slotline transition remains unaltered as well as the dimension
of the grounding bridge at the CPW-slotline interface. The matching be-
tween the 12th transformer and the slotline antenna is done by adjusting the
dimensions of the bent slotline balun, modifying the inductive compensation
of the grounding bridge and changing the distance the waveguide enters the
membrane cavity. The results show reflections below —20 dB in the LFA
band at both, the waveguide and microstrip port. These results make the
transition suitable to be used in the Wilkinson power divider (Fig. [3.23).
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Figure 3.23: Parameters of the waveguide-microstrip transition

3.3.2.3 Complete microstrip Wilkinson power divider

Fig. shows the integrated Wilkinson power divider designed. Results
are shown in Fig[3.25 This design shows reflections under —20 dB at the
input and output ports meanwhile the transmission between the transmitted
and coupled port is below —30 dB in the LFA band (Figl3.25 Top). On the
other hand, the power division to both output ports is about —3dB across
the band. Simulations show that there is a resonance coupled to the cavity
at 550 GHz. This resonance is well above the band of interest, hence no
attempts to eliminate it are made. The results achieved with the Wilkinson

power divider make it a promising component for the power division on the
4-pixel block.

3.4 780-820 GHz planar components

This section describes the design of the microwave components required for
the HFA CHAI mixer and power divider. The reasons and motives for choos-
ing planar components in the HFA are even stronger than in the LFA given
the smaller dimension of the components. Since the HFA frequency band
falls above the gap frequency of Nb (fgs = 650 GHz), it is not possible
to have the main components fabricated on this material. Instead, Niobium
Titanium Nitrate (NbTiN) is used as it has a gap frequency above 1 THz
(Figl2.4 Right). The larger magnetic penetration depth of NbTiIN (Figl2.5]
Right) demands thicker superconducting films. Given the current fabrica-
tion capabilities at hand, the thickness of the NbTiN films is 350 nm for
both the bottom and top layers. This value is smaller than the calculated
magnetic penetration depth for the material, hence, increased losses are ex-
pected in the superconducting circuits. Another point to consider is the fact
that even though the operational frequency of the HFA is almost twice that
of the LFA, the planar transmission lines for the HFA are only reduced in
length but not in width. This effect and the increased thickness of the NbTiN
enhance fringing effects and hinder the design process of passive components.
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Figure 3.24: Design of a power divider based on a microstrip Wilkinson over amor-
phous SiO2. Due to the added superconducting kinetic inductance, the dimensions of
the Wilkinson differ from the dimensions of a design on a normal conductor, partic-
ularly the length of the branches and the impedance of the line. Here the Wilkinson

power divider is adapted to CPW lines by a A\/12 X transformer initially designed
by M. P. Westig
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Figure 3.25: S-parameters of the complete microstrip Wilkinson power divider on
a 9um Si substrate. Top: Reflections at the waveguide ports and isolation between

the two outputs. Bottom: Transmission from input to output ports and amplitude
imbalance of the divider.
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Figure 3.26: HFA branch line CPW coupler. The wider grounding bridges in the
lines connecting the branch lines replace the two narrower bridges seen in the branch
line coupler for the LFA. The width of this grounding bridge serves as an extra tuning
parameter to tune and adjust the characteristics of the coupler.

Table 3.11: Parameters of the 800 GHz branch line Coupler

Line | Width (W) [pm] | Gap (g) [¢m]| | Impedance 2] | Length [pm]
Zy 9 3 43 lo =33
Z. 4 11 87.4 ly =35
L, 8 6 28.7 ly =35

The CPW 90%"¢ and 180“"¢ couplers presented in this section are intended
to be used to couple the LO and the RF signal before being delivered to the
SIS junctions. The promising simulations of the microstrip Wilkinson power
divider at the LFA prompt the design of a similar model for the HFA.

3.4.1 90° three branch line coupler

The three branch line coupler used for the HFA balanced mixers follows the
same design as the branch line coupler used in the IBAMI mixer for the
LFA. The design is shown in Fig. [3.26] One difference compared to the LFA
components is that this design features one grounding bridge in the lines
connecting the Z, and Z,. branch lines. The reason for this is to avoid having
two separate grounding bridges that would be too close to one another, due
to the small ground plane between the branch lines. The larger capacitance
introduced by this wider grounding bridge is used as an additional tuning
parameter. Given the reduced fractional bandwidth required for the HFA, it
is desired that the point of equal power division of the branch line coupler is at
800 GHz. The simulated results are shown in Fig[3.27] The reflections at the
input port and the transmission to the isolated port are under —15 dB in the
band. The transmission toward the transmitted and coupled ports has the
point of equal transmission and the maximum imbalance in the band is about
1 dB at 780 GHz. The phase imbalance is about is about ¢9; — ¢30 = 91°.
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Figure 3.27: S-parameter of the 800 GHz three branch line CPW coupler. Top:
S-parameters of the branch line coupler. Bottom: Transmission imbalance between
the transmitted (2) and coupled (3) ports on both magnitude and phase.

3.4.2 180° CPW coupler

In the Mixer architectures section2.4], it was mentioned how a balanced mixer
based on a 180° has advantages over a 90° one, mainly an improved LO-
RF isolation and it is less sensitive to the noise in the phase of the LO
|[Kooi, 2008|. The 180° hybrid, originally proposed in [Tyrrell, 1947, is a
four-port device with some additional features over the 90° coupler granted
by the geometry and phase relationship between the outputs. This coupler
receives its namesake due to the property of equally dividing a signal and
adding a 180° phase between them. Port 4 receives an input signal and it
is divided towards ports 2 and 3 with ¢o — ¢3 = 180°, meanwhile, Port 1
is the isolated port. For the case that port 1 is the input port, the signal
is then divided towards ports 2 and 3 with ¢ — ¢p3 = 0° and port 4 is the
isolated port. Fig[3.28 Right depicts a standard schematic of a 180° cou-
pler. The rat race coupler does not only serve as a power divider but also
as a signal combiner/subtracter. When two signals are injected into ports
2 and 3 the combination of them comes at port 1, meanwhile, its difference
comes out at port 4. Hence the denominations of > and A ports. A mixer
based on this kind of coupler has the SIS junctions at ports 2 and 3 and the
LO and RF signals at ports 4 and 1 respectively. This means that ports 1
and 4 require a waveguide transition. This complicates the design of a mixer
chip. A modification of this rat-race hybrid is proposed by [Ho et al., 1994b|
(Fig. Left) where the layout of the output lines is changed for a symmet-
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Figure 3.28: Rat race coupler schematics and port layout. Left: Schematic of a
standard rat-race hybrid. The distance between the output branches is what gives
the power division and phase properties of this design. Right: Compact CPW 180°
hybrid design proposed by [Ho et al., 1994b]. To preserve the phase properties of
the design it requires the use of a phase inverter between ports 3 and 4, marked with
—T.

ric one with the impedance of the lines composing the rat race Z, = v/2Z.
The phase properties are preserved by the use of a reverse phase CPW-
slotline T-junction [Ho et al., 1994b| section B. This design is further mod-
ified by|Fan et al., 1995] where the impedance and electrical length of the
rat race is given by Z, = 1/2(1 — cot26), where [Fan et al., 1995] proposes
6 = 2m/5 = 72° resulting in the reduced A/5 lines of its design. In the
course of the development of HEB mixers for SOFIA in our group, a modi-

fied version of this coupler was developed and tested in a 1.9 THz balanced
HEB mixer [Fathi, 2018].

In this work, for the SIS mixer for the HFA | I implemented the proposed archi-
tecture of Fan in CST following the design recommendation of [Fan et al., 1995]
(Fig[3.29). The main CPW line has an impedance Zy = 42Q (wepw = 8 pm,
Gepw = 3 pm) meanwhile the slotline impedance is Z; = 56.2 Q2. To facilitate
the design of this model, the guided wavelengths in the CPW and the slot
line have the same value A, = Agor The dimensions of the optimized design
are tabulated in table [3.11] and its results shown in Fig[3.30] The reflections
at the input port are under —12 dB and the transmission to the isolated port
is under —40 dB. The transmission to the transmitted (2) and coupled (3)
ports are about —3 dB with an amplitude imbalance lower than —0.2 dB
over the band and a phase difference of —175° across the band.

3.4.3 Waveguide - CPW transition

The waveguide-CPW transition for the HFA is of the same kind as the one
used in the LFA. The waveguide dimension used is 240x140 pm?. The original
dimension was 240 x 120 ym? and were changed to the current ones due to
manufacturing concerns. Two versions of this transition are designed, one
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Figure 3.29: Rat-race coupler implemented in planar circuitry in CST.

Table 3.12: Parameters of the 180° ratrace hybrid

Parameter | length/angle [ym/ Radian| | Parameter | Length [um] | Parameter | Length [pm]
Jslot 3 Rb 25 Wyq 6
)\pr 155 Qb 7T/4 Wpp 12.9
Aslot 155 Wy, 3 Why 5
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Figure 3.30: S-parameters of the 800 GHz rat race CPW coupler.

Top: S-

parameter of the branch line coupler. Bottom: Transmission imbalance between
the transmitted (2) and coupled (3) ports on both magnitude and phase.
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Figure 3.31: Model of the waveguide-CPW transition for the 800 GHz balanced
mixer with the dimensions labelled. This model follows the same architecture as
the waveguide-CPW transition used for the LFA components. This time it serves
as a match between the 240 x 140 um? waveguide and the CPW. The 3 um slotline
serves as a A/4 transformer between the waveguide and the slotline section labelled
with lge¢. is then adapted to the CPW by the use of a A/4 slotline balun. at the
interface between the slotline and the CPW, there is a grounding bridge to impede
the excitation of the CPW odd mode.

Table 3.13: Parameters of the Waveguide-CPW transition

Parameter | length [um]| | Parameter | Length [um] | Parameter | Length [pm]
Iy 20.1 lg 12.9 lsiot 27.3
s 20.1 I 29.2 I 1
l3 9.9 lg 62.9 Wind 4
I 24.54 I 10.8 W 2
l5 26.9 llO 16.9 Wy 6

with a crooked balun and another with a radial stub at the CPW-Slotline
transition. The slotline antenna with a bent balun is presented in Fig[3.31]
The results for this waveguide-CPW transition show reflection losses at the
Waveguide port below —20 dB (Fig[3.32)) and below —17 at the CPW ports.
The results for the second model of the transition are shown in Appendix A.
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Figure 3.33: Design of the HFA microstrip Wilkinson. Right: Model of the
microstrip wilkinson in CST. Left:S-parameters of the design.

Table 3.14: Parameters of the microstrip Wilkinson power divider

Parameter | length [pm| | Parameter | length [um]| | Parameter | length [pm)]
Wy 3 wr 2 l 50
wy 2 I 3.8 I, 80
Dy 25 R, 15.9 Ag 145

3.4.4 Microstrip Wilkinson

The Wilkinson power divider for the HFA is to be fabricated in 400 nm
NbTiN over 300 nm SiO,. The main line is 3 um, which gives an impedance
of 24 Q. the side lines have a width of 2 and impedance of 35€2. The

simulated results show reflections at all ports under —20 dB and isolation
better than —30 dB in the HFA band (Fig/3.33)).

3.4.5 Compact CPW- microstrip transition

The compact CPW-microstrip transition is, again, based on 12th A\ trans-
former. The lines to be matched are a 45 2 CPW and a 3 pym microstrip over
300 nm SiOs, giving an impedance of 24 €). The high operating frequency
and the surface inductance of NbTiN translate to very short matching lines

(Table [3.15)). At this point, the first I, section cannot be considered as
an inverted microstrip anymore and it is more like CPW with a grounding
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Figure 3.34: CPW to microstrip transition for the HFA. In this case, the high
operation frequency and the material properties lead to very short lines for the Z
and Z, lines. At this point the first lines of the transition (lr0) 1S a capacitive
loaded CPW line rather than an inverted microstrip line.

Table 3.15: Parameters of the 12th transition

Parameter | length [um] | Parameter | length [pm)]
lmicro 3 ZCPW 5%
SIS
Junction

ToRF [High Pass Y Tow Pass| ToIF
Circuttry | Filter Filter [Circuitry

C__

blocked blocked
IF RF

Figure 3.35: Frequency filters around SIS. The purpose of these filters is to isolate
the RF and IF chains in order to avoid any possible interference caused by leaked
microwave signals and DC biases.

bridge. The reflections of this transformer are below —20 dB over the 700-900
Ghz band.

3.4.6 IF and RF filters

The proper function of a mixer requires electrical isolation between the RF
and IF circuits, as shown in Fig[3.35 The DC voltages and currents required
to bias the SIS junctions should be blocked from the RF circuity since it
would allow a DC connection between the two SIS junction structures and
it would not be possible to bias them independently anymore. Additionally,
an RF signal in the IF circuitry may excite a litany of resonances due to
the generally larger dimensions of the IF cavities and lines. This isolation
between RF and IF circuits is achieved by two filters, placed before and after
the SIS junctions.
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Figure 3.36: DC and IF blocking capacitor. This structure is the equivalent to
a series capacitor which has an impedance of Z. = 1/jwC, where C' is determined
by the overlapping area between the lines and the properties of the dielectric.In this
case, the dielectric is a 300 nm thick layer of silicon dioxide

Table 3.16: Parameters of the Waveguide-CPW transition

Parameter | length [pm]| | Parameter | Length [pm)]
w, 6 I, 23
I, 19 d, 3
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Figure 3.37: S-parameters of the IF blocking capacitor.

The High pass filter before the SIS junctions is implemented as a series ca-
pacitor. The impedance of this capacitor (Z, = 1/jw(C') is seen as a short
circuit at RF frequencies but as an open circuit for IF frequencies and blocks
the DC. The designed capacitor is shown in Fig|3.36] This blocking capacitor
consists of an overlap between the lines separated by 300 nm dielectric layer
of SiOy. Its dimensions are such that the capacitive coupling between the
lines assures good transmission at 800 GHz while blocking the IF and DC
signals. Results are shown in Fig. [3.37, The blocking filter works as intended
as the reflections at 800 GHz are below —20 dB. At the IF frequencies, the
reflections are about —1.7 dB and the transmission is below —10 dB.

The lowpass filter is more complex than just a blocking capacitor, it is a six-
stage binomial, or maximally flat, filter. The design corresponds to a dou-
ble terminated maximally flat filter, calculated by the insertion loss method
[Matthaei et al., 1980|, [Pozar, 2011]. The insertion loss in the filter can be
specified as Plygs = 1+ k?(w/w.)*¥, where N is the order of the filter and w,.
is the frequency at which it is about —3dB. w, is called the cutoff frequency
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of the filter and it is the design parameter that defines the filter dimensions.
For this design, the order of the filter taken is N = 6 and the cutoff frequency
is w. = 500 GHz. The reason for the seemingly high cutoff frequency is that
a lower cutoff frequency leads to considerably larger filter dimensions. This
generates problems with the integration of the RF circuitry, whose opera-
tional frequency is a hundred times higher. Once the filter design and order
have been chosen, the values for the normalized components can be obtained
from [Matthaei et al., 1980] table 4.05-1(a) and the real value can be obtained
by the following equations

Cy = iiC’"Orm (3.3) L,=R iL”"m (3.4)

X RO We X . X Owc X 7 .

where the values LI”™ and C}"™ are the normalized reactance values for
the filter xth section. Ry is the reference source impedance and for its se-
lection, one must consider the resistance of the SIS junctions at different
bias points. Since this resistance ranges from 10 to 110 Q [Tucker, 1979
Tucker and Feldman, 1985|, the reference source resistance is taken to be the
average Ry = 60 ). Once the reference resistance has been determined, the
reactance values can be calculated from eqs[3.3|[3.4l The implementation of
the reactance values is done through the stepped impedance method. With
this method, the filter can be implemented as a cascade of transmission line
sections of high and low impedance. The underlying idea is that a short trans-
mission line ( [ < A,;/8 [Pozar, 2011]) of extreme characteristic impedance
is equivalent to a purely reactive element. The lines of low impedance Z;
are used to implement capacitor, while the lines of high impedance Z; are
equivalent to inductance. The relationship between the dimension of the line
and its reactance is

LR,

ﬁl—Z—H

(3.5) Bl = (3.6)

Ry’
where [ the length of the line, Ry the reference resistance, Z g the Low/High
impedance of the line and C, L the normalized reactance values (Table[3.17)).
The actual value for the impedance Z;, and Zg is not defined but it is desired
that the ratio Zy/Zy is as great as manufacture allows it [Pozar, 2011]. The
filter is shown in Fig[3.39 and the important parameters are tabulated in
Table [3.17 For the filter design, the low and high impedance values are
Z1, 31 Q and Zg : 90 Q. These values are close to the limit values of what
is feasible to achieve with CPW lines. It can also be seen that some of the
lines are longer than A, /8 ~ 22 ym. All these factors contribute to the fact
that the filter does not exhibit a sharp cutoff or a transmission below —30
dB at 800 GHz. In any case, the filter does fulfil the requirements for its



107

3.4. 780-820 GHz planar components

L2 L4 L6
— Imm
i ——C, Cy =—=C; |
ToRF | { TolF
Zin,RF Zin,IF

Figure 3.38: Schematic of the binomial filter of order N = 6. The numbering
follows the stage number rather than the component itself with every capacitance
and inductance representing a stage of the filter.

Table 3.17: Relative values for a sixth-order binomial filter, Ry = 60

Capacitance | C™™ | Capacitance |pf| | Inductance | L""™ | Inductance [pH]|
Ch 0.517 27.427 Lo 1.414 270.05
Cs 1.932 102.49 Ly 1.932 368.98
Cs 1.414 75.02 Lg 0.517 98.74
N
v le wL“ wg ‘ I;
1T T
— 1 | [
1 l2 l3 l4 ls g

Figure 3.39: Stepped impedance binomial filter. The low and high impedance are
Zr, 231 Q and Zg : 90 Q respectively. The low and high impedance sections take the
role of capacitances and inductances respectively. The proper working of this design
requires that the ratio Zy/Zr, to be as high as fabrication allows it[Pozar, 2011].

Table 3.18: Relative values for a sixth-order binomial filter, Ry = 60 Q2

Parameter | length [um]| | Parameter | length [um| | Parameter | length [pm]
wy 3 ly 11.9 l4 48.4
wy, 27 lo 35.4 ls 32.5
w0, 33 Is 145 lo 12.9

use in the IF circuitry. It is worth noting that it is possible to increase the
order of the filter up to two additional orders without running into designs
that require impractical impedance values [Matthaei et al., 1980] table 4.05-
Another important point is that for the tuning structure and proper
matching of the SIS, the input impedance seen from the Rf circuitry must be
purely imaginary, even more so that it is an open circuit. The Smith chart of
the reflections from the Rf port (Figl3.40]) reveal that this is not the case and
the impedance has a real component at 800 GHz. Fortunately, the solution
is quite simple just adjusting the length of the transmission line between the

I(a).

SIS tuning structure and the filter
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Figure 3.40: S-parameters of the stepped impedance filter. Top: Rectangular plot
of the reflection at the Rf port(S11) and transmission from the RF to the IF ports Sa;
with an input impedance of Z; : 60 2. Bottom: Smith chart plot of the reflections
at the RF port (S11). It can be seen that the input impedance seen at 800 GHz is not
an open circuit. but rather a high complex impedance. For the correct operation of
the SIS junctions, it is needed that the filter is seen as an open circuit, this is easily
achieved by tuning the length of the transmission line that connects them.

3.4.7 SIS layout and tuning circuit

The last component required for a SIS mixer is the tuning structure to match
the SIS junctions to the feed lines. The SIS junction consists of a tri-layer of
a bottom electrode of niobium, an isolating layer of aluminium nitrate, and a
top electrode of niobium nitrate. the junction is sandwiched between layers
of NbTiN to provide an electrical connection between them and the lines.
For this, a tuning structure is needed to match the lines to this impedance
Z 7. The SIS junctions can be modelled as a resistance R,, in parallel with a
capacitance C;, which gives an impedance Z; = 1/ R, + jwR,,C;. In general,
this results in a very reactive impedance with a very small resistance. In this
work, only one tuning structure is proposed due to the tight time constraints
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Figure 3.41: Schematic of a twin parallel tuning structure. Here the junctions
are represented as an admittance composed by the normal state conductance and
suceptance of the junctions. The tuning parameters of this structure are the length
of the line connecting the junctions and its characteristic impedance. it must have
values such that the admittance seen at the first junction .J; has the opposite value
of its susceptance, cancelling each other out. This results on a purely resistive input
impedance for the complete structure.

encountered in the development of this thesis.

The twin parallel tuning structure (Fig. is designed to eliminate the re-
actance of an SIS junction by using the transmission line between them. The
tuning parameters of this particular network are the length and characteristic
impedance of the line. The parameters have to be such that the susceptance
of the SIS junctions cancels out and the total impedance of the structure is
real. This allows for the use of simple matching networks, such as the classic
A/4 transformer, since it can only match resistive loads|Pozar, 2011].

The HFA SIS junctions have an area of 1pum?, a normal state resistance
of R, = 10.05(2, meanwhile the capacitance is C; = 85fF. This value,
at 800 GHz, gives an impedance of Z; = 0.5170 — 52.220€2. The pro-
posed tuning structure is implemented on microstrip lines given the difficulty
of implementing parallel SIS junctions on coplanar waveguide. Addition-
ally, a tuning structure like this has been proven to work in many receivers
[Belitsky et al., 1995 [Westig, 2013], albeit at a lower frequency. The imple-
mented design is simulated in Sonnet software, shown in Fig[3.42] due to its
convenience and faster solving time than CST. The tuning structure is con-
nected to the RF circuitry at the CPW port of Zopy = 42 Q2. The junctions
are simulated as through ports of 1 um? with R,, and C; as parameters. The
connection to the Lowpass filter and the rest of the IF circuitry is yet to be
done, it is likely that as in many other cases, there must be an adaptation
of the design at the moment of integrating the components. The dimen-
sions of the design are tabulated in Table [3.19| and the results are displayed
in Figf3.43] The reflections at the CPw port (1) are below —20 dB and the
transmission balance has a point of equal power to each junction at 780 GHz.
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Figure 3.42: Sonnet model of the complete SIS junction tuning structure. Marked
with the blue dashed line is the twin SIS junction tuning structure, connected to the
CPW port by a A\/4 transformer. The SIS junctions are simulated as a port with a
resistance and capacitance R, and C; respectively.

Table 3.19: Dimension of a twin SIS junction tuning structure

Parameter | length [um] | Parameter | length [pm)]
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Figure 3.43: Simulations of the complete tuning structure in Sonnet software.

3.4.8 Integrated balanced mixer

The first version of a balanced mixer for the HFA is based on the CPW 90°
hybrid, detailed previously in this chapter. Due to time constraints, only the
RF components have been integrated. That corresponds to the 90° CPW
hybrid plus the Waveguide -CPW transition and the IF blocking capacitors.
The S-parameters of this model are presented in Fig[3.45 Reflections at the
LO port and isolation between The LO and RF ports are below —12 dB and
—14 dB respectively. The point of equal power distribution to ports 2 and
3 is at 800 GHz with a magnitude imbalance under 2 dB in the complete

band. The phase imbalance is within 4° in the band of interest. It can
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Figure 3.45: S-parameters of the integrated RF components

be seen that the point of equal power distribution does not coincide with
the minima of the reflections and isolation between waveguide ports. One
additional design is presented in the appendix A where the design is tuned
so the lowest reflection is at 820 GHz. The models here presented can be
integrated for a first design for a balanced mixer for the HFA, they may be
used for testing purposes and, in case better performance is demanded, as
an advanced starting point for further optimization.
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3.5 Summary

This section presents the design for superconducting planar components for
the LFA and HFA of CHAI. The components for the LFA consist entirely of
components required for the proposed power divider to be used in the LO
distribution. On the other hand, the components for the HFA are components
required for the design of an integrated balanced mixer and a power divider.

The LFA power dividers are meant to be used in a 4-pixel block, where the
LO has to be delivered to the four individual mixers. The technology chosen
to manufacture the power dividers is superconducting Niobium film over a
9 pm silicon substrate. The reasons for this are the fast and adaptable series
production and the modularity enabled by the superconducting chips. Two
distinct designs are proposed, the first design for a power divider is based on a
coplanar waveguide 90° branch line coupler whose isolated port is terminated
with an on-chip load. Meanwhile, the second is based on a Wilkinson power
divider manufactured on a Siop microstrip line, which is a microstrip line
that only requires processing on one side of the substrate. Since all designs
are based on superconducting film over a silicon membrane, a Waveguide to
CPW transition is designed. In this transition, the waveguide and slotline

transition is matched by a slotline antenna. The slotline is subsequently
matched to the CPW by the use of a A\/4 balun.

The power dividers are based on a CPW 90° branch line coupler which
does require a termination for the isolated port. Initial ideas considered
a waveguide load termination since the concept has been proven. This idea
is discarded because of manufacturing constraints, in specific, the distance
between two waveguide walls had to be larger than 700 pm. This constraint
severely limits the design of the power diving chip, setting a minimum foot-
print size constraint. A design made complying with these constraints, suf-
fered from resonances, excited by the CPW odd mode due to the increased
size of the cavity. This leads to the discard of the waveguide termination and
focuses on-chip terminations instead. Three terminations are implemented,
a concentrated element one, a lossy resonator termination and a short circuit
termination.

The second power divider came about as the power dividers based on the
CPW 90° branch line couplers performance in the 2-pixel block was not
satisfactory. The new power divider design is a Wilkinson power divider
that does not require a termination since it is a three-port device. The
divider itself is designed on a microstrip transmission line meanwhile the
waveguide interface is done by adding a microstrip-CPW transition to the
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existing waveguide interface. This microstrip line ground plane and main line
are on the same side of the silicon substrate. This is achieved by sputtering
a 300 mm thick SiOy layer and then sputtering another top Nb layer. The
simulated performance of this power divider makes it a promising candidate
for the power division in the 4-block.

The HFA components are designed for the frequency range between 780-820
GHz. This means that niobium titanium nitrate (NbTiN) has to be used
instead of niobium given its higher gap frequency. They will be fabricated
on a b um Si wafer. A balanced mixer design requires a coupler that equally
divides the signals and introduces a phase shift between them, either 180°
or 90°. It also requires low-pass and high-filters to block and separate the
RF and the IF circuitry from each other. Since the SIS tuning structure
is fabricated on microstrip lines, a compact CPW-microstrip transition is
proposed.

For the couplers, two kinds are considered, a 180° and a 90° couplers. After
they have been designed, it is necessary to define a waveguide dimension and
a CPW-waveguide transition. The waveguide dimensions are set on 240 x 140
pm? and the transition is a waveguide-CPW transition based on a slotline
antenna as the one designed for the LFA. The filters required to separate
the RF and IF circuitry are implemented on CPW lines. Finally, for the SIS
junctions, a twin parallel tuning structure on the microstrip is chosen and
designed. The CPW-microstrip transition is based on the concept of the 12th
A matching circuit. The complete integration, and subsequent optimization,
of the balanced mixer and power divider was not possible due to the time
constraints encountered in this thesis. However, the designs presented in this
work, directly integrated into one circuit, show a performance that serves as
a good starting point for further optimization or for a finished model to be
used for fast manufacture and characterization.



Chapter 4

Experimental setup, measurement
methods and data processing

This chapter details the current testing environment, its reach and limita-
tions and the proposed measurement methods to characterise the fabricated
devices. subsequently, it details the experimental setup required to perform
the proposed experiments and the data processing required to extract the
parameters of interest from the experimental results.

4.1 Measurement methods and available power detec-
tors

For the characterization of the power divider designed it is required to mea-
sure the transmission between its ports and the power reflected from them.
The information about these parameters is often resumed in the S-Parameter
matrix of the device (Section 2.3). The standard manner to measure the
S-parameters involves the use of a Vector Network Analyzer (VNA). This
instrument can generate a signal and send it through one of the ports of the
Device Under Test (DUT) and measure the amplitude and phase of the trans-
mitted signal at another port. Additionally, it can measure the reflections
generated at the input port of the DUT.

To do so, the 2-port VNA requires a continuous wave source, four receivers
and four directional couplers. A signal is sent towards the DUT and it is split
by the directional coupler R1. Here part of the signal is sent to a reference
receiver while the second goes to through the second directional coupler M1
towards the DUT. At this point, part of the signal is reflected to port 1 of the
VNA and is directed towards the measurement receiver 1 by the directional
coupler M1. The comparison between the signal measured by reference 1 and
measurement 1 receivers yields the S;; parameter. The signal coming out of

114
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Figure 4.1: Schematic of a VNA with its main components. To measure the
transmission and reflection characteristics of the DUT, the VNA makes use of a
CW source, directional couplers and reference /measurement receivers. Image source:
Microwaves & RF: Brushing Up on Network Analyzer Fundamentals.

DUT port 2 is received by the directional coupler M2 and is measured by
receiver 2. Comparison between receivers 2 and 1 measurements yields the
So1 parameter.

To provide accurate and precise measurements, the VNA requires calibration
measurements to eliminate possible sources of error within it. Fig. de-
picts the parameters of interest (S-parameters of the DUT) and the possible
sources of error as well. They are removed by measuring special calibration
devices with known characteristics. Usual devices for the calibration are one
port terminations of a short-circuit, an open-circuit and a 50 {2 termination.
Meanwhile, the standard two-port calibration device is a through between the
two ports with a line whose transmission is known. Once the calibration has
been performed, the errors in the two port measurements can be removed.
However, these calibrations are not permanent, since stability and drift in
the components of the VNA will degrade the measurement performed. It is
then recommended to perform one, and two-port, calibrations regularly and
every time the measurement setup changes.

The aforementioned capabilities of the VNA make it a powerful tool at the
time to test microwave devices. However, for the testing of the devices de-
signed in this thesis, a VNA has considerable limitations. The first of them
is set by the nature of the devices themselves. they operate at a tempera-
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Figure 4.2: Schematic of the standard two-port error model of the network analyzer
for measurement of transmission and reflection parameters of the DUT. The error
parameters in the two VNA ports are depicted in the ports of the VNA. Standard
one-port and two-port calibrations can determine, and subsequently, eliminate these
errors from the measured data.

ture of 4.3 K. Hence, they need to be placed at the 4.3 K stage of a Dewar
with limited accessibility from the exterior. The two main possibilities are
coupling by free space propagation through the IF windows of the dewar and
direct connection using electric wires (Fig. [£.3). In this scenario, any VNA
calibration will be limited in the sense, that it is difficult to remove the errors
that may arise in the connection to the interior of the dewar. This would
not only require the dewar to be removed to perform the standard one and
two-port calibrations but also would require the exchange of components at
the 4 K stage for devices with known parameters. This exchange cannot
be immediately done as the dewar has to be warmed up to room temper-
ature, opened and closed again to be cooled to 4 Kelvin again to perform
the test. This would increase the cost of operation in both operation time
and cryogenic costs to a very high level. A second limitation, and perhaps
the most important, is the availability and cost of VNAs operating in the
microwave regime. Standard VNA operating band ranges from 100 MHz
to 100 GHz, where access to higher frequencies requires expensive extension
modules. The cooperation with other institutions that may have granted
us access to a VNA was prevented by the COVID-19 pandemic, without
considering the limitation set by the cryogenic temperature required for the
operation of the devices.

4.1.1 SIS junctions as direct power detector

Since it is not practical and feasible to perform VNA measurements to char-
acterise the devices fabricated, it is necessary to look for alternative mea-
suring methods. The first step is to find a suitable detector to measure the
power transmitted towards the output ports of the power divider. Here the
SIS junctions in the Integrated Balanced Mixer(IBAMI) chip arise as a good
candidate, for measuring the power coupled to them. In section 2.1.5 it
was detailed how an incident RF field coupled to the junctions would pro-
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Figure 4.3: A simple schematic of a connection between a VNA and the devices
under test depicting two possible ways of connecting the VNA and the cold chamber
of the cryostat/dewar.

duce photon-assisted tunnelling. This phenomenon can be used to detect
the power coupled to the junctions by recording the induced current at the
first photon step of the SIS’s I-V characteristic (Fig. [£.4]). For our case in
question, the SIS junctions used are the ones in the IBAMI mixer developed
by [Westig, 2013](Fig. [4.5). IBAMI has a twin parallel SIS junction circuit
as the nonlinear element required for mixing. In this work, for the sake of
clarity, the twin parallel SIS structure is referred to as a single detector .J,.
With this convention, the IBAMI chip has two non-linear detectors. Since
the power divider chip has two outputs, two IBAMI chips are required to
test the power divided by the power divider (Fig.6).

The advantage of this measurement scheme is that the IBAMI chips can be
placed in the same testing block as the power divider. Additionally, a power
divider and two IBAMI mixers represent half of the 4-pixel block intended
to be used in the LFA of CHAI. This would allow for testing of the power
divider in an environment similar to the intended, final one. This potentially
yields useful information about the integrated system and the interaction
between its components.

The limitations of this setup for the characterisation of the S-parameters are,
first, this setup only allows for direct measurement of the induced current
in the SIS junctions, where the transmission between the input port to its
output ports of the branch line power divider is embedded. Measurement of
the reflection parameters of the branch line power divider would require a
different testing setup with the addition of a directional coupler with known
characteristics.

The second limitation is that the detector is not characterised individually.
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This fact limits the extraction of the branch line power divider’s parameter
and complicates the interpretation of experimental results. By doing the sys-
tem integration before knowing the individual parameters of the components,
it is not possible to completely discern which observed features are inherited
from individual components’ characteristics or if they arise from their inter-
action. Considering that the SIS junctions are devices susceptible to their
immediate network, it is sensible to look for an additional power detector
independent of the system.

4.1.2 Erickson power meter 3 (PM3)

As an additional detector, independent of the network, an Erickson power
meter 3 (PM3) is borrowed from the Max Planck Institute for Radioastron-
omy (Fig. [4.8). This power meter would allow for independent measures of
the transmission of the branch line power divider.

This power meter consists of a power sensor and an electronic readout. This
detector is an incoherent detector which only detects power from 200 W
to 200 mW. The sensor detects the temperature of a thin resistive layer
suspended in the sensor block that is coupled to the exterior through a rect-
angular horn. The readout block is responsible for converting the signal
produced by the sensor to a voltage that can be read by any data recording
electronics. To remove the detector offset, an On-Off measurement has to
be done before performing power measurements with this detector.

The measurement scheme with this power meter is similar to the power di-
vision measurements executed with the IBAMI mixers, with the horn of the

PM3 detector coupled to the mixer ports M1/M2 (Fig [4.6)).

4.1.3 IBAMI mixer

So far the two detectors mentioned are meant to be used for power division
measurements without addressing the, possibly, direct transmission between
output ports (Transmission between ports 7" and C' in Fig. . For this
measurement scheme, The IBAMI chips are used as coherent detectors, as
balanced mixers, more precisely. A thorough review of the component can be
found in [Westig, 2013]. Two of them are placed at the output ports of the
power divider and will measure the magnitude of the signal that is injected
through one output port and what is transmitted to the other, which will
be detected by the second IBAMI mixer (Figl.7). This a is measurement
scheme more convoluted than the one required for the previous measure-
ments, especially requiring two CW sources to act as the mock RF signal
and the Local Oscillator signal.
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Figure 4.4: [-V characteristic of a SIS junction with magnetic field applied for
cooper pair tunnelling suppression. The solid line depicts the electrical characteristics
of the junction without any coupled photons. Aside from the suppressed cooper pair
current, there is no current flowing through the junction before the gap voltage.
The dashed one depicts the I-V when photons are coupled to the junction. This
coupling changes the I-V characteristics of the junction by assisting the tunnelling
of quasiparticles below the gap voltage. This is the phenomenon that allows the use
of the SIS junctions as a direct detector.
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Figure 4.5: Schematic of an Integrated Balanced Mixer (IBAMI) developed by
Marc Westing and the mixers to be used for the CHAI LFA, with the main parts
labelled. Port 1 and 4 receive the signal coming from the waveguides and coupled
them together in the 90° coupler.They are delivered for mixing to the nonlinear
SIS circuitJy, Jo, in ports 2 and 3. The generated signal at IF frequencies is then
delivered to the IF circuitry through an RF filter. Here J, refers to the twin junction
structure found after ports 2 and 3 as a whole circuit and not as an individual SIS
junction. The electron scan image of the twin SIS shows the layout of
the junctions in the tuning structure. The two SIS junctions are placed in parallel
and connected by a short transmission line that acts as a lumped inductance. This
structure is meant to compensate for the capacitance of SIS junctions, making the
input reactance as small as possible, and facilitating the matching of the SIS to the
rest of the RF circuit.
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Figure 4.6: Schematic of the two-pixel block. The LO signal is received at the
input port of the 90° Coupler and divided towards the two IBAMI. The ports of
the IBAMI are labelled as well as each of their SIS junctions. The numbering of
the coupler ports (coloured in red) in IBAMI2 follows the same numbering as in the
simulation schematics. This arbitrary labelling was done to avoid confusion in the
posterior analysis of the system.

4.2 Experimental Setup

In this section the equipment required to carry out the desired measurements
is described, starting with the cryogenics, continuing with the testblocks,
Software and recording electronics to finish with the radiation sources and
external optics.

4.2.1 Cryogenics

The power divider and the IBAMI mixers are fabricated in superconducting
thin film Nb (150 nm) on top of a 9um silicon wafer. The operational tem-
perature of superconductors has to be below half ofT,., which for Nb is 4,8
K. This sets an additional demand on the testing equipment and there are
two approaches to achieve such low temperatures. The first one is the use of
liquid Helium-cooled dewars and the second is the use of closed system cryo-
coolers. For this work liquid helium dewars are used, given their availability
in the group.



121 4.2. FExperimental Setup

fR-Filt,er
Lo
H

Gunn LO .
'RF’ signal Tl = ua
Do "
P ;
3l « Vacuum window

Vacuum wind : | [ aaaal
acuum window « 4,2 K load

IR-Filter
I

mavr1 2 TE I e

’ Leaked RF signal path

90° Coupler
power divider]

A

IR-Filter mmmfana-
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Figure 4.8: FErickson power meter model PM4 as no depiction of the model PM3
was found. The device has a coaxial output that allows for the recording of the
displayed voltage corresponding to the measured power.

The dewar utilized is an Infrared Laboratories |infrared laboratories, |, from
the HDL-X series (Fig. . It has two stages, at 77 K and 4.2 K respec-
tively (Fig. |4.9b). The cold plate for mounting test devices is a gold-plated
copper slab that is the bottom of the liquid Helium container inside the de-
war. This ensures a good thermal link between the liquid helium and the
superconducting devices. This test chamber has 4 windows for free space
coupling to the exterior that can be sealed shut if needed.




122 4.2. FExperimental Setup

4.2.2 Test blocks

The planar components designed and used in this work are meant to be
suspended in cavities with waveguide interfaces at their ports, through which
the RF and LO signals are coupled to the chips. 6 test blocks were used to
test the components, one test block which houses only 1 IBAMI chip and 5
2-pixel blocks.

The first block used is the balanced mixer waveguide test block, detailed
in [Westig, 2013|, Chapter 4. This is a symmetric copper tellurium block
that houses only one IBAMI chip. This allows for the characterization of the
IBAMI chip by itself, without any interactions with other planar components.
This block was originally used to test the noise temperature of the IBAMI
chip and in this work, it is used to measure the power coupled from the
waveguide ports of the IBAMI chip to the SIS junctions.

The five variations of the 2-pixel block are numbered 11.110.02, .03, .04 and
.05. All these blocks contain one power divider and two IBAMI chips with
two horns at the RF input of the mixer. Their dimensions are 19.8 x 24 x
9.6 mm? split blocks machined in copper tellurium by the workshop of the I.
Physikalisches Institut. Blocks .02, 03. and .04 were fabricated in Q4 2019,
while block .05 was fabricated in Q4 2023. Fabricated block .02 is shown in

Figl4.10]

The waveguide dimension in the 2-pixel blocks is 460x230 um?. The input
LO signal is coupled in, and out of the block by diagonal horns. Within
the block, there are two permanent magnets used to suppress the Josephson
current in the SIS junction. The block has also the DC connections required
to bias each individual junction (.J;) and to record its IV curve. The block
is housed in the 4.2 K stage of Dewar 8, attached to the cold optics block for
thermal link to the dewar cold plate and coupling to the outside (Fig. [4.11)).

Blocks .02, .03 and .04 are designed to test branch line power dividers while
block .05 is designed to test the microstrip Wilkinson. Almost every branch
line power divider was tested in either block .02 or .03. Block .04 was meant
to include a board that would allow biasing of the SIS junctions, and read out
the LO-induced current in them. That board did not survive the first cool-
down and broke down, effectively impeding the testing of any power dividers
in that block. Blocks .02 and .03/.04 are almost identical with the exception
that block .03/.04 has 5um pockets milled in the upper half of the block
that fits over the beamleads. This is done to reduce the mechanical stress
applied to the silicon membranes during the assembly and disassembly of the
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Figure 4.10: a): Rear of the 2-pixel block. b): Front of the 2-pixel block with
a view of the two diagonal horns that lead to the mixers. On the top of the block
are the four G3PO connections to bias the junctions and deliver the IF signal to the
Cold Low Noise Amplifiers.
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Figure 4.11: CAD schematic of the cold optics sledge plus the two-pixel block
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block. Figlt.12shows the top half of blocks .03(left) and .02 (right) over the
branch line power divider cavity. The beamleads leave a print on the surface
of block .02 top half as they are pressed between the two halves. Block .05
also has 5, um beamlead pockets over the beamleads of the IBAMI and the
Wilkinson power divider, Fig[d.13| Left shows a schematic of the beamleads
on top of the IBAMI cavity for both blocks .03 (left) and .05 (right). It
can be seen how the beamlead in block .05 is divided into smaller beamlead
pockets instead of having one large, continuous pocket as in .03/.04. The
reason for this modification is that simulations (Showed Section 5.4, Fig[5.33)
of this blocks shows a resonance behaviour where the field concentrated in
the area that has been removed. The last difference between block .03/.04
and .05 is the fact that the waveguide interface of the IBAMI chip features
a step discontinuity where the Waveguide cavity is reduced from 460to 200
pm (Indicated as waveguide step in Fig[d.13)). More details about his can be
found in [Westig, 2013], section 3.2.4.

4.2.3 Software, equipment and electronics

The initial code used to record the I-V characteristics was developed by
former doctor student Florian Blauth 4.14l It was able to record the I-V
curve of an SIS junction together with the IF power output. The program was
initially designed for the characterization of the noise temperature of devices.
It can record the SIS I-V, the IF power output and the noise temperature.
Later, the software was modified by senior researcher Matthias Justen to
allow an automatic sweep in frequency and recording of a single point of the
IV curve.

The SIS I-V recording software receives the voltage and current signals from
the HIFI warm electronics (Fig. [4.15). They allowed for the individual
biasing of the SIS junction through the use of bias boxes inside the 4.3 K

stage of the dewar (Fig/4.16]).

Another software used for the characterization of the coupler is the IF soft-
ware which allows for the recording of the IF band. It is connected to an
Agilent technologies PXA Spectrum analyzer N9030A through LAN commu-

nication(Figi.17).

4.2.4 Radiation sources and external optics

To test the coupler characteristics it is required to use a continuous wave
(CW) source. Two CW sources are used in this thesis, the first source is
Virginia Diodes inc. signal generator extender module sgx 494 WR 6.5,
from 110 to 170 GHz plus a frequency tripler. Since it is an extension module,
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Figure 4.12: Pictures of the top half of the 2-pixel block over the branch line power
divider cavity. Left: Top half of block .03 displaying the pockets over the branch
line power divider cavity. Right: Top half of block .02 displaying the cavity of the
branch line power divider. The beamleads leave a print on the surface of the block
as they are pressed between the two halves of the block.
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Figure 4.13: Footprint of the beamlead pockets in the IBAMI cavity. The beamlead
pockets are highlighted in a black. Left: IBAMI cavity in block .03 and .04 . Here
it can be seen how the lateral beamlead pocket extends along the entirety of the
IBAMI cavity. Right: IBAMI cavity in block .05, in this case, the lateral pockets
have been broken into two smaller pockets at the side of the coupler. The front and
back beamlead pockets remain the same as in block .03/.04.

this source requires an input signal. This signal is provided by the Anritsu
MG3692C signal generator (Fig. |4.18). The combined signal generator and
the VDI extension module allow for CW emission in the frequency range of
330-510 GHz band (Fig. . This CW generator is from now on called VDI
LO. The second CW generator used in this work is an Radiometer Physics
GmbH Gunn diode CW generator, here on called Gunn LO. The operation
frequency of this one ranges from 438-504 GHz and has the configuration
for only 12 frequencies labelled. Among the frequencies labeled there is a
setup for 462 and 491 GHz, two very important frequencies of interest for
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Figure 4.14: User interface of the software developed by Florian Blauth and later
modified by Matthias Justen. It was initially used to record the pumped I-V curves
of the SIS junctions for a given frequency (left window) and the IF power output
(right window). The later modification was made to allow a frequency sweep with a
CW source and record the I-V curve of an SIS junction at a desired bias point.

the receiver. The maximum output power of the Gunn LO is 80 uW.

Both CW generators are coupled to the mixers by free space coupling and the

use of optics. The warm optics setup consists of concave and planar mirrors

to focus the beam into the dewar and a grid to attenuate the CW power
coupled to the dewar (Fig. . The VDI LO is coupled to the free space
by the use of an in-house made diagonal horn antenna. The same antenna is
used in the 2-pixel block. For the Gunn LO, no documentation detailing the
parameters of the antenna was found. To focus the beam pattern into the

dewar a convex mirror is used. The optics were designed only to extract and
deliver the signals in and out of the 4.2 K chamber of the dewar and have not
been optimized to reduce reflections and standing waves in the optic path
leading to the two-pixel block.
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Figure 4.15: Warm electronics are used for the recording of the I-V characteristics.
Top: IF board used to record the IF output of the mixers. Marked on red, the four
IF inputs of the board. Bottom:Bias boxes 1 and 2 of the four bias boxes used. On
orange: the voltage and current displays, marked on Cyan the voltage, current and
sweep control knobs, : the voltage and current connection to the cold electronics
inside the 4K stage of the Dewar. : External voltage reference connection.

4.2.5 Power division experiments

Power division experiments are intended to measure the S-parameters Ss; and
S31 of the coupler, or at least, detect a directly related variable across the
band of interest, such as current induced in the SIS. There are two manners
to achieve this. The first is to take a tunable CW source, the VDI LO, for
example, tune it to the desired frequency, record the variable of interest and
repeat for the desired frequency points. The second one is to use the SIS
junctions of the IBAMI as a detector perform space-domain measurements
and use the Fourier transform to calculate the frequency response of the SIS.

Frequency sweep of the Local Oscillator

Measuring the coupler characteristics with SIS junctions as detectors requires
two IBAMI chips. The coupler and the IBAMIs are placed together in the 2-
pixel blocks, the layout is shown in (Fig. [4.6)). This setup has the advantage,
that not only serves as an experimental setup for the coupler but also yields
valuable insight into the integration of the components for the future array
receiver. This is because the 2-pixel block emulates 2 adjacent pixels of the

LFA.
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Figure 4.16: Top view of the 4.2 K stage of Dewar 8. Four bias-T boxes are used
to set the bias and read out the I-V characteristics of the SIS junctions. The LO and
Mixer ports are coupled out of the dewar through the three IF-blocking windows.
The four bias-t boxes(marked with magenta) allow the biasing and the reading of
the I-V characteristics of the SIS junctions as well as extraction of the IF signal
generated in the mixers.

| FEEE TR

Figure 4.17: Agilent Technologies PXA Spectrum analyzer N9030A used to record
the IF band of the IBAMI. The input is connected to an Agilent power meter that
receives the combined outputs of the IBAMI.



129 4.2. FExperimental Setup

Figure 4.18: Anritsu MG3692C Signal generator used to generate the initial RF
feed signal for the signal extensor. It is capable of delivering 10 dBm of output power
in continuous wave mode has and has an output range from 2-20 GHz. This is the
Signal generator used to produce the reference signal for the extensor module.

Available output power VDI SGX 494 plus WR6.0 tripler
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Figure 4.19: Measured output power for the VDI SGX 494 extensor module plus
WRE6.0 tripler. The measurement was made with a VDI PM5 power meter with
a direct Waveguide connection. This corresponds to the maximum power available
from the VDI extensor module.

Frequency sweeps with SIS detectors

The sweeps do not entail much more than selecting the frequency with the
Anritsu signal generator (frequency resolution up to 1 Hz), recording the
induced current at a specific voltage bias at the four detectors and continuing
until the desired frequency band has been covered. Ideally, the available CW
power and the optic coupling remain constant across frequency, allowing
for an easier analysis of the experimental result. This is not the case, as
visible from the measured output power from the VDI LO plus the frequency
tripler(not with a diagonal horn antenna attached). Reflecting upon this fact,
two clear options arise. The first is to adjust the VDI power at each frequency
point so the coupled power to a detector of choice remains constant. On the
other hand, the second is to only adjust the VDI LO power before each sweep
with the adjustment made so all four detectors remain in the linear regime
across the complete frequency band.

For the adjusted frequency sweeps it is necessary to choose a detector as
the reference one, in this case, it is J;. The VDI LO power coupled to the
reference junction is adjusted at every frequency point so that the induced
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Figure 4.20: Optics setup used to characterize the LO power divider. The VDI
extensor module deceives a reference signal from the Anritsu signal generator and
generates a signal whose frequency is 36- fg is mounted on a three-axis stage, allowing
for position adjustments in the x—, y— and z—axis. In front of it, there is a rotating
grid that decreases the available power delivered to the dewar, Finally, there is a
concave mirror that focuses the beam from the signal extensor into the dewar.

current at a specific voltage is kept at a constant value. The adjustment in
coupled power is done employing the warm optics. The bias point chosen
for the reference detector is V.= 2.0 mV and I= 60 pA. The measurement
is executed by tuning the VDI LO at the start frequency, recording the I-V
curves for each of the four detectors and moving to the next point until the
desired frequency range has been covered. The resolution of this frequency
sweep is Af = 1 GHz. This seemingly coarse resolution has its reason in
the fact that, at the time of the execution of this experiment, there was no
automated software capable of performing the required adjustment between
each frequency point. The selection of the desired detector output to record
was done manually and had to be done for the four detectors for every fre-
quency point. This led to a very long execution time of around 4 hours in
a setting where the hold time of the dewar was about 7 hours in the most
ideal of cases.

A brief summary of the procedure of this frequency sweep is

e Record an Off-measurement of the IV curves of the four detectors
e Start at fy by tuning the VDI LO

e Sclect reference detector, voltage and associated induced current level
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desired

e Adjust the warm optic to reach the desired induced current in the ref-
erence detector

e Record the I-V curves of the four detectors.
e Repeat for fy+ Af

e Record off measurement of the [-V curves of the four detectors at every
predetermined frequency milestone.

The non-adjusted frequency sweep had the VDI power adjusted only before
each frequency sweep. Hence, the initial adjustment of the VID LO coupled
power had to ensure that all four detectors would remain in the linear regime
across the entire frequency band. Due to the standing waves present in the
optic path, such a requirement was not always achieved. At some frequency
points the power coupled to the detector is so great that the SIS junction
saturates. When this happens the induced current in the SIS junction is
no longer linear concerning the coupled power. To avoid this, a preliminary
sweep is executed. The four detectors are biased at 2.2 mV, below the gap
voltage, and the induced current is recorded for the frequency band. The
original software was modified by Matthias Justen to automatically tune the
VDI frequency and record the induced current of a single detector. The bias
voltage of the detector to be recorded had to be manually selected before the
execution of the sweep. This modification to the software allowed for faster
sweeps and an increased resolution. A brief summary of this frequency sweep
is

e Bias the four detectors at between 2 — 2.2 mV

e Run a preliminary trial to check the power coupling level in the four
detectors

e Adjust the warm optics. This may take several adjustments

e Check that all four detectors remain in the linear regime

e Sweep the VDI LO for the four detectors without making further ad-
justment to the warm optics or to the VDI LO

Frequency sweeps with the Erickson PM3

The third frequency sweep involves the replacement of the SIS detectors in
the mixer as direct detectors by an Erickson PM-3 (Fig power meter.
As detailed in the previous section, the power meter is an incoherent detector
and only detects the power coupled to the film in the sensor. The PMS3 is
placed outside the dewar in front of the windows leading to the mixer ports
(Figlt.16]in yellow) and the VDI LO is chopped On-Off. For this experiment,
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the same 2-pixel blocks are used. For this, the IBAMI chips have to be
removed from the block. The first trial run was made with the IBAMI chips
inside the block, to detect any power coming out of the mixer port windows.
Any power detected there would point to some anomaly where there would be
power reflected or not coupled to the mixers and ejected to the mixer ports of
the block. After the trial runs were performed the IBAMI chips are removed
from the block and the LO sweeps are repeated. The software used for the
recording of the voltage output of the PM3 detector is the same modified
software used in the frequency sweeps with SIS junctions as detectors. To
ensure stability the bandwidth was covered in small frequency ranges where
an off-measurement of the background took place in between them.

A brief summary of this frequency sweep is

e Turn on the Erickson PM3 and wait until it stabilizes
e Select the desired frequency bandwidth and resolution

e Perform an initial Off measurement of the same duration as a complete
frequency sweep

e From the previous measurement asses the stability of the PM3 sensor
and select a frequency span that ensures the stability of the detector
within the time frame 7,,eas

e Perform the frequency sweep fo — Af

e Perform an off measurement lasting T},cqs

e Perform frequency sweeps and Off-measurements until the desired fre-
quency range has been covered

Fourier Transforms Spectrometer (FTS) experiments

The experiments with the FTS are done by replacing the sensors of the F'T'S
with the IBAMI, either in the balanced mixer test block or in the 2-pixel
block. Perform a spatial sweep without any sample and record the Fourier
transform of the detected current of the IBAMI. For this setup, the test block
is moved from Dewar 8 to Dewar 1. This is due to the fact there is no need
to record the IF output of the IBAMI and, hence, they can be moved to a
smaller dewar that requires fewer litres of liquid Helium to cool down.

4.2.6 Measurement of crosstalk between mixers

So far the experiments devised test parameters that are related to the trans-
mission between the input and output ports of the coupler. Another param-
eter of interest is the transmission between the two output ports, namely,
the Ss3 s-parameter. The current setup allows the injection of the CW signal



133 4.2. FExperimental Setup

Agilent Monitor - [m] X

Frequency [MHz] Temperature [K] Noise Temperature / Gain
Start 10.000/=  Hot Cold
2951% = 10000 — -10

Stop
Scale

Use Agilent ,})

® ~
@) Log O Lin 8000 - g
Measure...
Cycles
J 102 Store as... 6000 — -6
[}
- )
Start [ E
- z
Mean Squared Error: =
4000 -4
0.17 dBm
Restart
2000 -2
Video-Bandwidth: Resolution-Bandwidth:
3.0 MHz 3.0 MHz
0 | | i—0
Note 10.000 MHz 10.000 GHz 20.000 GHz 26.500 GHz
Frequency [GHz]
Show Plot [EuRe R (CH Show Cursor
. Noise Temperature Gain . D Noise Temperature \:] Gain
Input Monitor
-30
-40 -
-60 —
Keep Note g |
|
80 | HH ! I PEETECEEETEL L
O M xis 100 400 i L 1l L udlal
R Keep H/C-Traces ‘
- Orepctse |

I I 1
10.000 MHz 10.000 GHz 20.000 GHz 26.500 GHz

Exit S
! Dt A co [J Live Monitor Frequency [GHz]

Figure 4.21: Custom Software made by M. Schulz to read the IF band and calculate
the noise temperature and gain of a mixer (Top display). The spectrum captured by
the signal analyzers is shown in the lower display.

through the three ports of the block. For this experiment, the SIS junctions
are the detector of choice again. However, they are used in a balanced mixer
configuration instead of as a direct detector. For this experiment another
CW source is needed, in this case, it is a RPG Gunn LO. The VDI LO will
be used as the signal enabling the mixing process in the SIS junctions mean-
while the Gunn LO acts as a signal to be detected in the IF band of the
mixers. The test has the VDI LO injected through the LO input port while
the Gunn LO shines into one of the mixer ports leading to an IBAMI. This
mixer is referred to as the sighted mixer, meanwhile, the other mixers are
referred to as the blind mizer. The spectrum of the IF band is recorded with
an Agilent PXA Signal Analyzer N9030A (Fig[i.17). The Signal analyzer is
then controlled using custom software developed by Michael Schulz to read
and record the IF output of a mixer and to calculate its noise temperature

and gain(Fig. [4.21]).

Extra preparations were taken for this experiment. The actual variable mea-
sured in this test is the cross-talk between mixers. This is not only affected
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by the properties of the coupler but also by the properties of the optics, the
block, the IF circuitry and the IBAMI themselves. There are three possible
paths where from one pixel may leak into the other. those are over the optic
path, the IF path and the LO path. The first, Xtalk over the optic path refers
to a signal being captured by the optics of both the sighted and blind pixel.
This path is eliminated using blocking the aperture of the diagonal horn lead-
ing to the blinded pixel with an absorptive polymer, effectively blinding the
mixer. The crosstalk over the IF path refers to unforeseen coupling in the IF
circuitry. Characterization of crosstalk over the IF path requires two sighted
pixels. The SIS junctions of one of them are biased on the resistive zone of
the SIS (beyond the gap voltage), effectively deactivating the mixer. Then,
any signal detected on the deactivated mixer IF band is due to coupling from
the active pixel IF. For the experiments executed, the contribution to the
crosstalk through the IF path was ruled out given that the other pixel was
a blind pixel. Furthermore, the IF combination is done outside the dewar,
and not inside the 2-pixel block. Crosstalk over the LO path means that the
CW signal from the Gunn LO finds its way to the waveguides connecting the
IBAMI and the coupler. From there it transmits through the output ports
of the coupler and reaches the blind mixer. So indeed the talk over the LO
path is influenced directly by the transmission between output ports of the
coupler, particularly, the Ss3 parameter. A visualization of the Xtalk over

the LO path is displayed in Fig. 4.7

A complete characterization of the crosstalk over the entire frequency band
of the LFA is not practical since the same tone of frequency f{** can be
detected with frequencies from fVP! + v, with v any value between 4 and 8
GHz. It was decided that Xtalk characterization would only be performed
for scenarios relevant to the science case. Only two frequencies are selected,
fGunm — 461 and f§ = 492 GHZ, these frequencies are the CO 4 — 3 and
|[CI]1 — 0 transition frequencies. The VDI LO is then swept from the lower
and upper sideband covering the entirety of the IF bandwidth of 4 — 8 GHz
with a resolution of 1 GHz. Regarding the setup for the SIS junctions, they
are biased at 2mV. For the adjustment of the VDI LO power one junction
is chosen as a reference once again and the warm optics are adjusted so the
first photon step shows a current of 60 puA at every frequency. The lower
and upper sidebands of the mixer are then driven out of the dewar where
they are recombined by a 180° coupler and detected by a power meter whose
spectrum is analyzed by the signal analyzer.

a brief summary of this experiment is
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e Sclect the Gunn LO frequency faunn-
e Calibrate the power sensor
e Tune the VDI LO fpys a frequency within the one of the side bands of

the fyunn

e Set the bias voltage of all four SIS at 2mV and choose a reference junc-
tion.

e Adjust the warm optics so the reference junction displays the desired
induced current level

e Adjust the Gunn LO power so the tine is detected in the IF of both
mixers

e Record the IF output
e Tune the next fypr

4.3 Data processing: Extraction of parameters of in-
terest

The previous section explained the experiments carried out. In this section,
all the necessary steps taken to extract and evaluate the parameters of inter-
est from the acquired data are presented.

4.3.1 Drift and gain corrections in SIS curves

The current and voltage of the SIS junctions are recorded by the use of
the HIFI bias boxes (Figl.17). These electronics are not free of drift in
the recorded voltage and current values. To eliminate such errors from the
measured IV curves a sample I-C curve with no LO signal coupled to it is
taken. From this measurement, it is possible to find out the drift in current
and voltage and correct the measured I-V curves. The zeroing procedure is
enabled by the features of the I-V curve: its odd symmetry, the remnants of
the suppressed Cooper pair tunnelling and by knowing that the gap voltage
of the SIS junctions is approximately 2.8 mV (Fig. [4.22)). The correction
for bias box current gain is corrected by comparing the current level in the
resistivity regime immediately above the gap voltage.

4.3.2 Power division

The adjusted LO power sweeps have the complete LO-coupled I-V curve
(pumped IV curves from now on) of the SIS detectors for every frequency
point in the bandwidth. From the pumped I-V curves the bias voltage Vj;qs
chosen to compare induced current levels is between 2 to 2.2 mV. Then for
every frequency point and for every detector the induced current at this Vy;,s
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Figure 4.22: Example of drift in the recording electronics and its correction. The
gap voltage (~ 2.8 mV) of the SIS junctions is an inherent property and is not
affected by the bias. This property and the remnant of the Cooper pair tunnelling
(marked with the red circle) are used to find the drift values of dV" and dI and zero
the I-V curve. The drift has been enhanced for the example purposes.

is obtained. This is done by a Matlab routine that reads the I-V files and
extracts the current value at the desired voltage point. An example of the
results obtained is in Fig. |4.23|

The non-adjusted LO sweeps immediately deliver the induced current at a
specific voltage for the detector. No complete I-V curve is recorded. Ideally,
these recordings could be used to asses directly to asses the power division
of the coupler. They could be used to give a rough estimation of the power
distribution. The raw data is first corrected for the drift in voltage and
current as well as the correction for the current gain. Fig[d.24] Top shows
the corrected data. To eliminate the external influences in the data, one
detector is chosen as a reference and serves as normalization for the other
three detectors. The relative measurement is shown in Fig. Bottom
and allows for a much easier data analysis especially when comparing the
experimental results to simulation. Since an SIS junction with no coupled
LO power still exhibits a small current under the gap, it is necessary to
subtract this zero level for each junction before normalizing. This scheme is
also performed for the Erickson PM3 experiments, where the power detected
at one window is normalized by the power of the other. The zeroing of the
power detected by the PM3 detector is done for every frequency band taken.

4.3.3 Evaluation of Xtalk

The data delivered by the spectrum analyzer is the IF spectrum of the mixers.
The extraction of the xtalk is a direct comparison between the magnitude of
the tone detected in both mixers (Figd.25). The sighted mixer detects the
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Figure 4.23: Example of how the measurements across frequency for four junctions.
Left: The four junctions present in the two-pixel block with LO power coupled. The
induced current is recorded at the desired voltage value (usually before the critical
voltage, around 1.8-2 mV) at a given frequency fy. Right: Recorded induced current

at the four junctions from 460 to 490 GHz.

The 1 GHz resolution seems enough

to capture the overall performance of the power division on the two-pixel block.
However, both the frequency span and the resolution are not sufficient for analysis
and comparison with the 3D EM simulations.
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Figure 4.24: Example of the results from a non-adjusted LO sweep Top: Raw data
recorded by the software. Bottom: Induced current for the junction normalized to
the reference junction chosen, in the case J;.
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Figure 4.25: IF spectrum of the sighted and blind pixel for fgun, = 491.58 and
fvpr = 497 GHz. The difference in the average power in the IF band for the sighted
and blinded pixel can be explained by the blind pixel being blocked by a piece of
absorptive load inside the Dewar, acting like a 4K load. Meanwhile, the sighted
mixer background is the IR-blocking windows. The magnitude of the Gunn LO tone
in the blinded pixel IF is compared against the magnitude of the tone in the sighted
pixel IF. The difference between them is the level of xtalk between the two adjacent
mixers.

Gunn LO signal with X dB above the noise floor, meanwhile, the blinded
mixers detect a signal with Y dB above the noise floor. In case there is no
signal detected on the blinded pixel, the Gunn LO signal power is increased
until the signal is detected. The difference between the magnitude X-Y is

the level of crosstalk between adjacent mixers. This value is obtained for
both the USB and LSB bands for every Gunn LO frequency.

4.4 Summary

The characterisation of the fabricated power divider design entails measur-
ing the transmission from its input towards its output, its isolation between
output ports and the reflections produced at any port. This information is
resumed in the S-parameter matrix of the component and is usually measured
with a Vector network analyzer (VNA). However, VNAs are expensive equip-
ment, not readily available. Additionally, the cryogenic conditions required
for the operation of the superconducting devices limit the applicability and
practicality of VNA measurements.

The impracticability of VNA measurements to characterise the supercon-
ducting devices designed calls forth the search for alternative detectors. The
detectors here proposed are the SIS junctions in the IBAMI mixer chips and
are used as direct power detectors. For this scheme, two IBAMI chips are
required to measure the power divided by the branch line power divider. The
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IBAMI chip and the power divider are then placed in a block that represents
half of the 4-pixel block. Since neither the power divider nor the IBAMI
chips have been characterized in the 2-pixel block configuration, an external
power divider that is not part of the network is required. This power meter
is the Erickson PM3.

Aside from its use as a direct power detector, The SIS junctions are also
used in a coherent detector configuration for measuring the crosstalk between
pixels. In this setup one of the IBAMI mixers is blinded meanwhile the other
has a direct line of sight of CW generated by the Gunn LO. Subsequently, the
IF' output is recorded for both pixels. The third detector used is an Erickson
PM-3 power meter, this gives a detector that is external to the measurement
setup and can measure the power division without the need for the IBAMI
mixer chips.

The fact that the power devices and IBAMI chips are fabricated in supercon-
ducting materials sets the operating temperature requirements and mandates
an operation temperature below 4.5 K. To meet such a requirement, we have
chosen to use a liquid Helium cooled Dewar. The dewar chosen is an Infrared
laboratory dewar, which has three IR-blocking windows that allow free space
coupling to the 4K stage from the outside. The fabricated devices are then
placed in a CuTe housing block. a total of 5 blocks are fabricated and used in
this thesis. One text block that houses a single IBAMI chip and four 2-pixel
blocks. The 2-pixel block represents two adjacent mixers of CHAI with two
IBAMI mixers and one power divider. The 2-pixel blocks .02, .03 and .04 are
designed to test the branch line power divider, while block .05 is for testing
the Wilkinson power divider. Some of the blocks possess a 5 um pocket over
the beamleads that decreases the mechanical strain over them and the silicon
membrane. This facilitates the opening and closing of the 2-pixel block.

The code used for the recording of the I-V characteristics of the devices is
based on the routines written by former doctor student F. Blauth, modified
by senior researcher M. Justen. The code controls a CW source and records
the output of the HIFT bias boxes. The source is a VDI extender module
that allows for a high-resolution frequency sweep between 400 and 509 GHz.
A second CW source used is an RPG Gunn diode LO that is used as an RF
signal to be detected and downconverted by the two IBAMI.

Finally, the extraction of the power division characteristics from the power
division experiments consists of normalizing the induced current at three
junctions concerning a chosen reference junction. For the evaluation of the
crosstalk, the intensity of the peaks in the IF band of the blind mixer is
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compared to the sighted one. Their difference is the level of isolation between
two adjacent mixers.



Chapter 5

Fabricated devices, simulation and
experimental results and interpretation

This chapter starts with a description of the fabricated devices, and the
differences between the design parameters and the manufactured ones and
presents an updated analysis in CST. It continues with the presentation of
experimental results of the measurements performed on the IBAMI balanced
test block and the fully populated 2-pixel block, with two IBAMIs and one LO
divider B Subsequently, a comparison between the measurement results and
its simulations is done to finish with a brief study on possible improvements
for future LO distribution networks.

5.1 Testing approach

In the previous chapter, it was detailed what the proposed tests and pro-
cedures entail. Ideally, every component designed would be tested and its
result compared against the simulation. However, that was not the case.
To understand what would, at first glance, seem an incomplete set of tested
power dividers, it is important to remember the frame in which this thesis
was embedded. The overarching goal of the detector group is to build and
provide components to populate the 4-pixel block while complying with the
required noise temperature (Tpsp). For this reason, the test performed were
only on devices and in scenarios that would, potentially, be useful in the
final receiver. This is the reason why no specialised testing block other than
a 2-pixel block was made/designed. Additionally, because the test demands
considerable time and consumable resources, it was required to be economi-
cal with the testing, pooling together as many experiments as possible in a
test session. This is the reason that not all possibilities and combinations of

!The adjusted LO sweeps are not presented due being very limited with respect to their results and
are not a significant contribution over the non-adjusted LO sweep.
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power dividers and detectors were carried out.

5.2 Fabricated devices

The branch line power dividers are fabricated by photolithography in the
cleanroom facilities of the I.physikalisches Institute of the University of Cologne.
Due to the inherent process accuracy, the fabricated devices’s dimensions de-
viate from the designed ones. The first deviation is that the SiOs layer
under the grounding bridges is about 920 nm instead of the 800 nm initially
intended. The second difference is that the CPW lines are narrower than de-
signed, mostly due to underexposure in the photolithography process. This
the narrowing of the CPW lines traduces in a higher impedance than de-
signed. The effect of the underexposure is larger in the thinner branch lines
of the coupler (Figl5.1)) since a change from 13 — 12.2 is done not change
Zopw as much as 3 — 2.4 uym. The Waveguide-CPW transition is also af-
fected by the underexposure, with the greatest effect on the slotline-CPW
transition(Fig. [5.2)). All these modifications are tabulated on tables [5.1]5.2]
Additionally, model H2N, the model terminated with a concentrated resistive
load has the inductive section under the grounding bridge in the isolated port
3 pm narrower than intended. This is due to a mistake in the export process
from CST to the photolithography mask.

All these effects detune the power divider and it is necessary to simulate the
fabricated models to have a reliable comparison with the measured results.
The models with the fabrication variances included are then simulated with
enhanced and more detailed parameters than used previously in the design
stage. The reason for this is to try to capture all effects and interactions oc-
curring in the device. This enhanced simulation is enabled by the availability
of dedicated simulation computers detailed at the beginning of this chapter
and the average computing time for one simulation was about 150 hours.

Another factor to add to the simulation of the fabricated devices is the beam-
lead pockets. The beamlead was added to blocks 11.110.03, 11.110.04 and
11.110.05. Initial simulation at the design stage does not hint at any sig-
nificant problem with the addition of these structures neither to the branch
line power divider nor the microstrip Wilkinson. Simulation results, shown
in Fig[5.3, for the detailed simulation performed, reveal that there is little
difference between the blocks. The models start to have a small diverge after
480 GHz that increases with frequency. A review of the 3D field distribu-
tion in the model at 500 GHz reveals that the E-field concentrates inside the
beamlead pockets (Fig. [5.4)). This effect does not seem to have a large effect
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Figure 5.1: Photo of the center lines of a fabricated H2N branch line coupler. Due
the difficulty to measure the exact dimension, an average of the measure is taken.

Table 5.1: Average fabricated dimension of the H2N /L./S CPW branch line couplers

Line | Designed (W) [pum]| | Designed (g) [p#m] | Fabricated (W) [pum] | Fabricated (g) [pm]
Zy 13 4 12.4 4.4
Ze 2.9 14.9 2.4 14.6
Ly, 10 5.8 9.6 6.1

on the S-parameters of the power divider within the LFA band. From the
simulated power divider terminated with a short circuit, it can be seen that
the effect is only noticeable at the higher end of the band.

The CST models for all the branch line power dividers (H2N, H2L, H2S
and H3N) are updated, simulated and compared with the original results
presented in Chapter 3. For the power divider terminated on a concentrated
resistor, model H2N, there is the additional fact that the inductive section
of the grounding bridge is 3 pum narrower than expected. For this device
the deviation from original values means that the operational bandwidth is
reduced, this can be seen by the imbalance (Figl5.5] Top left) that has the
points of equal power division at 436 and 480 GHz. The reflections at the
input port (Figp.5Middle left) are under —12 dB for both models with the
fabricated model suffering from an increase in the reflections at between 400
and 460 GHz. The isolation between output ports remains mostly the same
between the two models up to 500 GHz when the fabricated model displays
lower transmission between ports. The reflection at the output ports remains
under —10 dB in the band of interest but has noticeable changes between
models (Figp.5 Bottom left). These changes are mainly due to the changes
in the termination at the isolated port.
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Figure 5.2: Photo of the slotline-CPW transition after the slotline antennas of
every port of the power divider. Averages are taken to be implemented in the CST
models.

Table 5.2: Average fabricated dimension of the H2N /L /S CPW branch line couplers

Parameter | Designed [pm]| | Fabricated [pm]
Gslot 4 4.4
% 1 i4
Wy 3 3.2
ly 16.1 16.4
l1o 24.1 24.3
lind 6 6.4

The model H2L has a noticeable variation between the simulations of the
designed and the fabricated model (Fig. Right). The power transmission
to output ports (Sa, 531)(Fig. Right top) sees an enhancement in the
power division as the imbalance is reduced close to 1 dB in the band. Figl5.5
Right middle shows the reflections at the input (S11) port and the transmis-
sion between output ports (S32). Here the Sy; parameters do not change that
much between the models, the fabricated model displays lower reflections at
the lower end of the band where the reflections are the lowest. The S35 is
the parameter that exhibits the greatest difference between the designed and
fabricated model with the difference being at least 2 dB. The reflections at
the output ports are shown in Fig/5.5 Right bottom where again, there is
a noticeable difference between the designed and simulated model, where the
difference between the s-parameters have an average of ~ 2.5 and ~ 2.4 for

the Sao and S33 respectively in the LFA (455 — 495) band.
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Figure 5.3: Detailed simulation of power divider terminated with a short circuit
(H2S) in blocks 02 and 03. Result from block 03 that has beamlead pockets are
labeled with the additional P.
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Figure 5.4: 3D simulation of a hybrid power divider terminated on a short circuit
with beamlead pockets. Here the maximum field amplitude is shown at 500 and 430

GHz.

For the model terminated with a short circuit (H2S), the difference between
the designed and fabricated models is mainly observed in the power division

(Fig].6| Left top), since the point of equal division is at ~ 480 GHz rather

than at ~ 490 GHz.

The reflections at the input port and transmission

between output ports (Fig. Left middle) remain similar, following the
same behaviour across the frequency range. The reflections at the output
ports are similar (Fig[p.6] Left bottom).

The last model, model H3N (Fig. Right), shows similar results between
the designed and the fabricated model. The transmissions to the output
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ports, shown in Figl5.6| Right top, have a similar demeanour in the LFA
band with the simulated model having a larger imbalance in the band with a
maximum of 0.58 dB at 500 GHz. moving forward to the reflections at the in-
put port and transmission towards the output port (Fig. Right middle)
it can be seen that for the fabricated model the transmission between output
ports increases on average 1.5 dB over the designed model. On the other
hand, the reflections at the input port (S11) do not change significantly be-
tween the designed and the fabricated models. The reflections at the output
ports (Sa and Ss3 respectively), do no change significantly (Fig.6] Right
bottom).

The differences between the designed and fabricated models can be explained
as a combination of the coarser simulation parameters used in the design
stage and the changes due to the fabrication process. Due to the error on
the lithography mask, simulated results of H2N cannot be used to draw
significant conclusions about the effects of the more detailed simulation and
the fabrication changes. The changes in reflections at output ports (Figl5.5|
Left bottom) could be attributed to the change in the termination due
to the high transmission between the isolated port and the output ports.
The difference in the s-parameters S3» between the designed and fabricated
models H2L and H3N could be because the behaviour of the TiN sheet was
not detailed enough at the design stage. This is enforced by the fact that
the model H2S, which is terminated on a short circuit, does not exhibit a
significant variation in the S3o and S9 and Sss.

Overall, the difference between the result in a coarser, faster simulation setup
and a finer, more detailed analysis and time-consuming do not justify the use
of the finer parameters at the design stage given the time cost required. The
detailed analysis may be run once a model has been selected in an attempt
to capture all possible features before its preparation for fabrication.

5.3 Experimental characterization of the IBAMI as a
direct power detector

The use of the SIS junctions in the Integrated Balanced Mixer (IBAMI) chips
as direct power detectors makes it desirable to know their characteristics to
better understand the measured results. By measuring its characteristics and
comparing it to CST simulations it would be possible to develop a CST model
of the IBAMI chip that could be used in the analysis of the measured results
of the 2-pixel block. Up to this work, no experimental characterization of
the IBAMI chip was done, mainly due to the lack of a CW source that would
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Figure 5.5: Comparison of simulated parameters of model H2N(Left) and H2L
(Right) as designed (D) and fabricated (F). Top: Transmission to output ports and
balance of the power divider. Middle: Reflections at the input port and transmission
between the transmitted (Sa22) and the coupled port (S3). Bottom: Reflections at
the Transmitted (Sa2) and the coupled (Ss3) ports.

cover the LFA band (the work presented by [Westig, 2013| only contains
the simulated S-parameters). Hence, the IBAMI chip is characterized in
this work. Considering the current capabilities and experimental methods,
detailed in Chapter 4, means that only the transmission from the waveguide
ports to the SIS junctions can be measured.

Before testing the IBAMI chip embedded in the 2-pixel block, it is placed
inside its original balance mixer test block and the SIS junctions are used
as a detector with the FTS. Fig[5.7 show the port and junction layout of
the IBAMI chip in the IBAMI test block. Due the symmetric nature of
the IBAMI chip, it is expected that the junctions exhibit a response that is
symmetric between them at the moment of comparing results from ports H
and M (JHeds )t el and Jit el g ey The response is shown in
Fig. 5.8 The top graph shows the response of junctions as a direct detector
and the lower graph shows the relative response of the junctions with respect
to the other junction. It can be seen that the response of .J;" Jeed

is the same
M feed . M feed -
as the response of .J, , meanwhile response of J; is lower than the

mirror response of Ji' '’ This is also seen in the relative response where

the relative response of J; follows the same behaviour as Jo but in lower
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Figure 5.6: Comparison of simulated parameters of model H2S (Left) and H3N
(Right) as designed (D) and fabricated (F).Top: Transmission to output ports and
balance of the power divider. Middle: Reflections at the input port and transmission
between the transmitted (Sg2) and the coupled port (S3). Bottom: Reflections at
the Transmitted (Sg2) and the coupled (Ss3) ports

magnitude. This difference can be explained as a loss in sensitivity due to
instability in the current bias of the junction during the FTS measurement.

After the FTS measurements are performed, the induced current across fre-
quency in junctions J;/.J5 is measured using an LO source sweep. Figl5.9
presents the result obtained from a non-adjusted LO sweep for the IBAMI
in its test block, together with the FTS measurement results. The induced
current has been filtered with a moving mean filter with a 1 GHz window
(5 points). From the induced current it is seen that the current induced
to the junctions decreases in frequency (Figp.9 Top). Comparing the in-
duced current in the junctions with the output power of the VDI source it
is clear that the wave behaviour seen at the end of the band is caused by
the variation in LO power (Fig[.9 Middle). Another observation is that
the induced current in both junctions decreases with frequency, despite the
available power. Fig[5.9 Bottom shows the comparison between the relative
response obtained from non-adjusted LO sweeps and the F'TS experiments.
Comparing the LO sweeps to the FT'S direct response measurements (Fig{5.8)
shows that the response of the junctions does not decrease considerably be-
fore 520 GHz, in contrast to the decreasing induced current in the LO sweep
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Figure 5.7: Port and junction layout of the IBAMI chip in its balanced mixer
test block. Due to the symmetry of the IBAMI chip the H- and M-port can be
interchanged in practice. H-port is also sometimes called the LO /In-port of the mixer
since it is the port that receives the LO radiation divided by the power divider.
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Figure 5.8: FTS measurement of the IBAMI measured in the original balanced
mixer test block, detailed in [Westig, 2013| Fig 4.3. Top: The response of the two
SIS of one IBAMI chip is recorded by the FTS and plotted. The blue and red graphs
are the response of the SIS junctions J; and Jo when the FTS source shines at
the RF port of the IBAMI chip. The cyan and magenta lines are the response of
the junctions J; and Jo when the FTS source shines at the LO port of the IBAMI
chip. Bottom: Relative response of the junctions. The black curve is the unitary
response, and the red curve is the relative response of J; to J; when the FTS signal
is injected through the H port of the dewar. The blue curve is the relative response
of Jj to Jo. The points of equal balance are taken at 420 and 460 GHz. These points
are taken to fit the simulation to the measured results.
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Figure 5.9: LO sweeps in the balance mixer test block. Top: Induced current
across frequency in the two SIS junctions in the IBAMI chip H feed and M feed.
Middle: Comparison of the induced current in the junctions and the available output
power from the VDI LO. The variations in the output power of the VDI source are
visible in the induced current in both junctions. Additionally, it can be seen how
the induced current decreases with frequency, despite the available power. Bottom:
Relative response of junctions for the LO sweep. Again, the black curve is the unitary
response. In dashed red and blue the relative responses of the junctions for the LO
sweep and in violet, the relative response of the junctions measured in the FTS. The
LO sweeps and the FTS measurements are in good agreement, having a difference
between 440-460 GHz where the junctions exhibit a more balanced response as in
the LO sweeps.

results. Apart from that, the relative response of the junctions of both ex-
periments is in good agreement, only differentiating themselves at 500 GHz.
It is interesting to notice that the wave pattern (Fig5.9 bottom) between
400 — 440 GHZ seen in the LO sweep through the H-port are not seen in the
LO sweep from M1 window(M-port sweep). This wave pattern is also seen
in the FTS relative response. This suggests that this wave pattern could be
caused by internal standing waves in the waveguide block, e.g. between the
IBAMI chip and the diagonal horn, since the optics and the coupling to the
source are very different in both cases.

One last experiment is performed in the balanced mixer test block. It consists
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of injecting the LO signal through port M1 and placing a termination, either
an absorptive load or a mirror, on port H (Fig.. Results are shown in Fig.
b.11] It can be seen how the placement of a mirror at the other waveguide port
affects the induced current in the junctions. This suggests that power leaks
from one waveguide port to the other, as explained in Fig[5.10] Furthermore,
this shows that the induced current in the junctions of an IBAMI chip is not
only defined by the inherent properties of the mixer but it can be affected
by the network in which the IBAMI chip is embedded.

Now that power coupled to the junctions in the IBAMI chip has been tested in
a standalone scenario, this can be used as a reference for future experiments
in the 2-pixel block. This reference will be compared against the response
in the 2-pixel block allowing to assess the status of the IBAMI mixers in
the 2-pixel blocks and hint at potential problems within. A schematic of the
2-pixel block was presented in Chapter 4 Figld.6] and it is included again in
this chapter in Fig[5.12] for clarity’s sake.

5.3.1 IBAMI characteristics in 2-pixel block 11.110.03
Coupler H3N-13

The results for LO sweeps on block 11.110.03 in conjunction with coupler
H3N-13 are presented in Fig/5.13] The Left column shows results for an
non-adjusted LO sweep through the H-port, meanwhile, the Right column
shows the results for a sweep through the M-ports (M1 and M2 windows). For
this occasion only, the raw induced current recorded in the junctions is shown
in the Top graphs, this data is then filtered with a moving mean filter with
a 1 GHz window (5 points). The LO sweeps through the H-port (Fig5.13]
Left middle) show a similar behaviour from 430 to 460 GHz, where from
that point, the induced current decreases to a minimum at 475 GHz. At
this point, the recorded value is close to the value observed in a junction
with no LO power coupled (at the same bias point). After this minimum,
the induced current rises again and exhibits a similar wave behaviour as the
observed in the IBAMI reference measured in the test block. One difference
is that the local maxima do not decrease with frequency. Moving on to
the relative response of each mixer (Fig. Left bottom), it can be seen
that the response of both mixers has the same behaviour but there is an
offset between them. The relative response of M2 is closer to the unitary
response. There is only some agreement between the M1/M2 port sweeps
and the IBAMI reference response.

If only the results through H-port LO sweeps were considered, it could lead
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Figure 5.10: Schematic transmission waveguide ports of IBAMI. The input signal,
marked as the blue arrow, is coupled to the IBAMI and delivered to the junctions Jy
and Jy. The dark cyan arrow represents the signal that leaks to port M, which has
a waveguide interface, and it is launched from the IBAMI chip. By placing a mirror
this power is reflected into the IBAMI chip, generating interference with the input
power at the H-port. Another possible path is represented by the magenta arrow,
which is the power that is reflected by the SIS junctions.
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Figure 5.11: LO sweeps in the balanced mixer test block. the LO is injected
through the M1 port and the H port is loaded, either with an absorptive load or a
mirror. Top: Induced current with an absorptive and a mirror load. here the data
has already been filtered with a 1 GHz window moving mean (5 points). It can be
seen how the induced current changes between the loads. For the mirror load the
induced current in Jo, is on average, higher than for an absorptive load. On the other
hand, J; exhibits a lower induced current for the mirror load. Bottom: Relative
response of the IBAMI for the absorptive and mirror load. The effects introduced
by the mirror load at port H are an increase in the noise of the induced current and
a change in the induced current at both junctions.
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Figure 5.12: Schematic of the 2-pixel block. The ports of the IBAMI are labelled
as well as each of their SIS junctions. The numbering of the coupler ports (coloured
in red) in IBAMI M2 follows the same numbering as in the simulation schematics
(Fig. [5.21). This arbitrary labelling was done to avoid confusion in the posterior
analysis of the system. The junctions here have been coloured in blue, red,

and magenta, the same colour as their induced current is plotted in the LO sweeps.
For the H-port sweeps, the LO signal is received at the input port of the 90° Coupler
branch line power divider and divided towards the two IBAMI, hence, noticeable
induced current is expected in all four junctions. For the M-port sweeps (sweeps
through M1/M2 ports), it is expected that only the junctions of the respective mixer
exhibit an induced current.

to the false conclusion that the mixers M1/M2 are defective and/or there is
a problem with them. The result yielded by M-port sweeps helps to refute
such an idea. These LO sweeps display a similar behaviour as the previously
recorded IBAMI reference (Fig. Right top); that being the noticeable
imbalance in induced current between 410 and 460 Ghz and the overall de-
crease in induced current towards the high end of the band. The relative
response of the M1/M2 sweeps reveals that the mixers have a similar over-
all behaviour as the IBAMI reference (measured in the balanced mixer test
block), with an added wave pattern across frequency. This pattern is out of
phase for mixers M1 and M2(Fig[5.13|Right bottom) . This wave pattern is
visible over the whole frequency band, with a maximum of a 4 dB amplitude
between 470-480 GHz.
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Figure 5.13: LO sweeps in block 11.110.03 with branch line coupler H3N-13. Cou-
pler H3N-13 is the frequency-shifted coupler, terminated on a concentrated load.
Left: LO sweeps through the H port Right: LO sweeps through the Mixer win-
dows M1 and M2. Left top: Raw recorded current in the H-port sweep. Left
bottom: Filtered recorded current. Left bottom: Relative response of junctions
in the same IBAMI chip. The gray curve is the IBAMI reference response. Right
top: Raw recorded current in all junctions. The M port sweep involves shining the
LO directly to either M1/M2 ports. These sweep only yield information about the
respective junctions of the IBAMI chip tested. Right middle: Filtered induced
current. Right bottom: Relative response of the junctions in the same mixer com-
pared to the measured reference response.

The results obtained from M-sweeps suggest that the mixers M1 and M2
are not defective, rather, their performance is affected by their placement in
the 2-pixel block. This could suggest that the coupler H3N-13 is defective
and/or there are unforeseen effects at play in the coupler. This coupler is
then removed and a coupler with a lossy resonator load is placed to test
whether or not coupler H3N-13 was defective.

Coupler H2L-8

A second power divider is tested in block 03, a H2L-8 model. The tests
performed are the same as coupler H3N-13, with the recorded results shown
in Fig.‘ Only the filtered results are shown (filtered with a moving mean
with 1 GHz/5 points window). The H-port sweeps (Fig[p.14 Left top) have
similar behaviour as the H-port sweeps with coupler H3N-13. A range of low

induced current is observed, again, in the same frequencies as with coupler
H3N-13 (460 — 480 GHz), and it is followed by the same wave-like pattern
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Figure 5.14: LO sweeps in block 11.110.03 with branch line coupler H2L-8 (ter-
minated on a lossy resonator load). Left top: Filtered current sweeps through
the H port. Left bottom: Relative response of the junctions compared with the
IBAMI reference response. Right:LLO sweeps through the Mixer windows M1 and
M2. Right top: Filtered induced current in all junctions Mixer ports feed. Right
bottom: The relative response of the junctions compared to the IBAMI reference
response.

after 480 GHz. Checking the relative response (Fig[5.14 Left bottom) of
both mixers shows they are similar and with less offset than for coupler
H3N up to 460 GHz. They do exhibit a larger difference from 480 upwards,
mainly because the induced current in the junctions ./; and J; is close to the
unpumped current level. Comparing these results with the relative response
with coupler H3N-13, the fact that the response measured at the M2 port
is more balanced than at the M1 port is also observed with coupler H2L-8.
Additionally, this is the second branch line power divider in the 2-pixel block
for which the standing waves observed in the IBAMI reference sweep between
410 — 440 GHz are not seen.

The sweeps through the M1/M2 windows (Fig[s.14Right top) yield an in-
duced current with a high frequency wave pattern embedded and a decreasing
level towards the high end of the band. The relative response (Fig/5.14Right
bottom) yields results similar to the one previously measured with the cou-
pler H3N-13. One difference is that the standing waves recorded for the
IBAMI mixer at port M1 are smaller in amplitude.

Coupler H2S-3

The fact that the two previously tested branch line power dividers (H3N-13
and H2L-8) displays the range of low induced current prompts the test of H2S
branch line power divider. This model, contrary to the previously presented

couplers, has a (CPW) short circuit where the TiN termination is in models
H3N-13 and H2L-8. The LO sweeps in block 03 with model H25-3 are shown
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in Fig[p.15 The induced current in the H-port LO sweeps (Fig[p.15] Left)
shows the results of two incomplete sets. A mistake in the recording and
labelling of the sweeps means that ./;, J; from set 1 and J; from set 2 are not
available. Only ./, was properly recorded for both sets, and both are plotted
to show that the LO power between sweeps did not differ significantly. Proof
of this is the fact that both sweeps display a similar induced current in .J,.
Observing the induced current with the H port sweeps (Figs.15Left top),
the previously observed range of low induced current, between 460—480 GHz,
is present again with this coupler. Additionally, the wave pattern starting
at 480 GHz is also observed, albeit in a much smaller magnitude as with
previous branch line power dividers. The relative response ((Figf.15] Left
bottom)) is similar to what has already been measured with coupler H3N-
13 and H2L-8, where the relative response of the IBAMI at port M2 has a
slightly smaller imbalanced as the one mixer at port M1 has. The mirrored
junctions response is again very similar, following the same pattern across
frequency with an increased magnitude, reaching almost 5 dB of difference
between mirrored junctions. For this power divider the amplitude of J5/.J,
is larger than J;/

Moving on to the M-port sweeps (Fig. Right top), it can be seen that
the recorded current displays, again, a wave pattern with a considerable
amplitude. The induced current in junctions .J;/./; is in counterphase to
the current in junctions .J»/.J;. The relative response for M-port sweeps
(Fig. Right bottom), shows the same wave pattern across frequency,
but with an enhanced magnitude. For this coupler in question, the wave
pattern is significantly different between sweeps M1 and M2. The IBAMI at
MI1-port exhibits a relative response with a wave pattern whose amplitude
increases with frequency. On the other hand, the relative response of IBAMI
at M2-port exhibits a wave pattern whose amplitude that decreases from
410 — 440, is more or less constant from 440 — 470 GHz and increases from
470 — 510 GHz. It is important to notice that, at the high end of the band,
the induced current in some junctions is close to the unpumped levels for
some points. This enhances the magnitude of the wave pattern seen in the
relative response.

The results obtained for the H-port sweeps with the coupler H2S-1 display
the same overall behaviour observed with coupler H3N-13 and H2L-8. These
three couplers tested so far, exhibit the same range of low induced current
between 460 — 480 GHz. The M-port sweeps results show the same overall
behaviour as measured with previous couplers but with a wave pattern of
considerable magnitude.
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Figure 5.15: LO sweeps in block 11.110.03 with branch line coupler H2S-3 (termi-
nated on a short circuit). Left: LO sweeps through the H-port. Left top: Filtered
induced current in all junctions. Due to a problem in the recording of the sweeps,
the results from two incomplete sets of H-port sweeps are presented. .J;, J; from
sweep 1 and J; from sweep 2 were not recorded properly. Only Jo was recorded in
both sweeps and both recordings are plotted.Left bottom: Relative response of the
junctions compared with the IBAMI reference response. Right: LO sweeps through
the M-ports. Right top: Filtered induced current in all junctions with a M-port
feed.Right bottom: Relative response for junctions in the same IBAMI chip com-
pared to the IBAMI reference response.

Discussion

When comparing the M-port sweeps in block 11.110.03 for the three branch
line power dividers tested, it is apparent that the relative response of the
IBAMI chip exhibits a wave pattern. These patterns (for IBAMIs at M1 and
M2 ports) are very similar between them and between power dividers H3N-13
and H2L-8. This is in contrast to power divider H2S-3, where the response of
IBAMI chips at M1 and M2 ports is significantly different. This suggests two
hypotheses, first, the coupling from M-ports to the junctions is influenced by
the properties of the power divider, this agrees with the previously stated
hypothesis that the induced current in the junctions depends on the network
the IBAMI is embedded. Second, power dividers H3N-13 and H2L-8 have
similar characteristics.

The H-port sweeps reveal that the three power dividers tested exhibit the
same range of low induced current between 460 — 480 GHz. Between 480 —
500 GHz, the three couplers tested exhibited the same wave behaviour in
the induced current, with only coupler H3N-13 having considerable induced
current in this frequency range. The range of low induced current limits the
range where the relative response for H-port sweeps is useful, after 460 GHz
not much can be drawn from it. Between 400 — 460 GHz, the mixer response
with the H-port sweeps does not agree with the measured IBAMI reference
response. This is the case for all three power dividers. Furthermore, the
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response of ./;/.J; is more balanced than J;/.J5

Regarding the range of low induced current, it was initially suspected that
coupler H3N-13 was defective. The fact that the H-port sweeps with coupler
H2L-8 display the same phenomenon reduces the chances of H3N-13 being a
defective device. Another hypothesis of what might be the cause of this range
of low induced current is that the TiN may exhibit an unforeseen effect at
those frequencies. This hypothesis is proven incorrect by the H-port sweeps
with coupler H25-3. Since H2S-3 does not have a TiN termination, rather
a short circuit and exhibits the range of low induced current nonetheless,
these results suggest that the observed phenomenon in the H-port sweeps is
not caused directly by some unexpected behaviour of the TiN termination.
Hence, these facts lead to the idea that this phenomenon stems from an in-
teraction between the coupler and the chip block rather than an unexpected
effect of any particular component. The observed induced current between
460 — 480 GHz suggests that no power is coupled to the junctions in both
IBAMI chips. Since no power is coupled to the junctions, it would mean that
the power from the VDI LO either does not reach the IBAMI chips, suggest-
ing a problem with the overall power divider design, or it is not coupled to
the silicon chips it escapes through the M1/M2 ports.

To test the latter idea, a measurement with block 03 and the Erickson PM3
is executed. In this experiment, no power was measured coming from the
M1/M2 window and the hypothesis that the power does not couple to the
junctions and escapes through port M1/M2 is discarded. Since no power was
detected, the idea that the power does not reach the IBAMI couplers gains
weight. This would imply that there is a problem with the coupler design
in the block since this frequency range of low induced current is observed
with the three couplers, whose only significant difference is the termination.
Another possibility is that there is an unexpected problem with block 03. To
discard any possible mechanical problem with the current testing block, a
power divider with a short circuit termination is tested on block 02 to find
if the features observed with power divider H2S-3 will be present as well.
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Figure 5.16: LO sweeps in Block 11.110.02 with branch line coupler H2S-1 (ter-
minated on a short circuit). Left top: Filtered current sweeps through the H port.
Left bottom: Relative response of the junctions compared with the IBAMI refer-
ence response.. Right:LO sweeps through the Mixer windows M1 and M2. Right
top: Filtered induced current in all junctions Mixer ports feed. Right bottom:
The relative response of the junctions compared to the IBAMI reference response.

5.3.2 IBAMI characteristics in 2-pixel block 11.110.02
Coupler H2S-1

The results of coupler H25-1, in block 02, are shown in Fig/5.16| Before
analyzing the results, it is important to remember the difference between
block 02 and block 03 and it is that block 02 does not have the 5 um beam-
lead pockets milled on its top half block (Section . The H-port sweep
(Fig}5.16lLeft top) does not display the range of low induced current be-
tween 460 — 480 GHz. The wave pattern after 480 GHz is only observed in
junctions .5, Jy, meanwhile junctions Ji, Jo experience only a decrease in
induced current, reaching induced current values close to unpumped levels
after 500 GHz. For the IBAMI chip at port M2 there are frequencies where
the induced current in the junctions experience a sudden decrease in induced
current. this is observed at frequencies 431, 440 and 500 GHz. This is seen
clearly in the relative response (Figl5.16] Left bottom) of junctions J3/J4,
where the peaks in the relative response correspond to these points. Aside
from these features, the relative response follows the same overall behaviour
as the reference of the separate IBAMI mixer, like as the relative response
of junctions Jy/J5. This match is lost from 500 GHz upwards, where the
junctions do not exhibit any induced current at all. The M1/M2-port sweeps
(Fig.16 Right top) show an induced current that has an almost constant
average level across the complete band, but it is not the same for all junctions.
Jy, in particular, shows a low induced current compared to ./; and almost
no features at all. In contrast, the other junctions (Ji, J> and J;) shows the
features previously observed, such as the overall decrease in induced current
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across frequency and the wave-pattern after 480 GHz. The relative response
of the junctions (Fig.16Right bottom) shows that the junctions in the
IBAMI at port M1 behave similarly as in block 03 with coupler H2S-3. The
IBAMI at port M2 does exhibit a large imbalance, possibly cause by the
induced current level in .J; being very close to the zero level.

Coupler H3N-12

Block 02 is opened to remove the power divider H2S-1 and place power divider
H3N-12. This is to compare it against the results measured with coupler
H3N-13 in block .03. The results are shown in Fig[5.17 The H port sweeps
(Fig[p.17 Left top) show two distinct features. Junctions J; and .J, (from
the IBAMI chip a port M1) do not display the range of low induced current,
as observed with coupler H3N-13 in block 03. It also displays the standard
decreasing induced current towards the high end of the band. Junctions

and .J, display a noticeable feature. experiences two ranges of low
induced current, between 424 — 438 GHz and 452 — 462 GHz. The latter is
also observed in the induced current at junction .J;. Since only the junctions
in the IBAMI chip at M2 exhibit these features, it suggests that this feature
has a different source than the low induced current observed with couplers
in block 03. The relative response (Figp.17] Left bottom) shows that the
junctions in the IBAMI chip at M1-port have a very similar response as the
IBAMI reference response. Only losing the match after 500G H z where the
current reaches levels close to the unpumped values. On the other hand, the
feature previously observed in the H sweeps with the IBAMI chip at M2 port
is seen even clearer. One possibility is that the IBAMI chip at M2 port is
experiencing some mechanical wear due to the several opening/closing and
thermal cycles it has been subjected to.

The M1/M2-ports (Figl5.17 Right top) sweeps reveal a very different be-
haviour in the IBAMI chips at port M1 and M2, While the induced current in
junctions Jp.Jo display a similar behaviour as the one observed int he IBAMI
test block, the induced current in ./;.J; shows a wave pattern with a small
period. Now it is the induced current in .J; that exhibit the low induced cur-
rent between 424 — 438 GHz. Moving on to the relative response (Fig}.17]
Right bottom) for the junctions of the IBAMI at M1-port are similar to
the reference measurement of the IBAMI. On the other hand, the mixer at
the M2 port displays the same behaviour as in the H-port sweep with a large
imbalance due the range of low induced current between 424 — 438 GHz.

Discussion
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Figure 5.17: LO sweeps in Block 11.110.02 with branch line coupler H3N-12 (ter-
minated on a concentrated load). response with variable power. Left: LO sweeps
through the Mixer windows M1 and M2. Left top: Induced current in all junctions.
Left bottom: The relative response of the junctions compared with the IBAMI ref-
erence response. Right top: Filtered induced current in all junctions Mixer ports
feed. Right bottom: The relative response of the junctions compared to the IBAMI
reference response.

In the measurements of coupler H2S-1 and H3N-12 in block .02, there are
two important observations. First, the observed range of low induced current
between 460—480 GHz in block 03 was not observed in the H-port LO sweeps,
neither for power divider H2S-1 nor H3N-12. The junctions J; and J5 in the
IBAMI chip at port M1 display a very similar induced current and relative
response to the IBAMI reference measurements. The IBAMI chip at port M2
does display a similar behaviour in the sweeps with coupler H3N-12. This
leads to the second point and it is that this IBAMI chip does experience
a significant degradation in its induced current characteristics between the
measurements with coupler H2S-1 and H3N-12. This change is visible in
sweeps from both H and M2 ports. This fact suggests that the problem
observed in the sweeps of the IBAMI at port M2 is an issue of the mixer
rather than being a phenomenon similar to the observed phenomenon in
block 03.

These results suggest that the hypothesis that the range of low induced cur-
rent was caused by a problem with the design of the power divider is not
correct. The reason for this is, that for the same power divider models (H2S
and H3N), the results were not reproduced when testing them in blocks 02
and 03. Remembering that the only difference between block 02 and 03 are
the beamlead pockets, hints toward the possible cause of this feature. It
also points towards a possible explanation for the sudden degradation of the
IBAMI at mixer port M2, since that IBAMI chip had experienced at least 4
opening/ closing cycles.
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Figure 5.18: IBAMI chip in block 11.110.02 after several opening/closing cycles.
Left Status of the membrane after about 5 opening/closing cycles. It can be seen
that the complete model has sunk into the cavity. This increased the tension on the
membrane and led to the beamlead peeling off the substrate, taking part of the Nb
ground layer with it. Right: Schematic of the cross-section of the substrate cavity in
block 11.110.02. In the current block, the gold beamlead is pressed between the CuTe
waveguide walls. This pushes the material out to the substrate cavity, which in turn
sinks the Si membrane. This process gets worse and worse the more opening/closing
cycles the membrane experiences. this is the precise problem the addition of the
beamlead pockets attempts to avoid.

Block 11.110.02 is opened and the status of the IBAMI chip at port M2 is
checked (Fig[5.18)). It was observed that IBAMI at M2-port was sunken in.
The Nb layer was peeled off from the substrate by the gold beamlead. This
is due to the lack of pockets means that, when the block is closed, the gold
of the beamlead gets pushed into the waveguide cavity, putting progressively
larger tension on the silicon membrane. eventually leading to it breaking.
Even though the IBAMI chip at port M1 did not show any symptoms of a
possible breaking of the chip, visual inspection shows that it was in a similar
status to the IBAMI chip at port M2. Hence, both of them are removed from
the block 02.

This opportunity is taken in order to test the power division performed by the
coupler in block 02. The detector used is the Erickson PM3 power meter, and
it is placed outside the M1/M2 windows. The results are shown in Fig/5.19|
The power measured at the windows M1 and M2 is shown superimposed
with the available power from the VDI source (Fig[.19 Top). It can be
seen again that the wave behaviour of the measured power at the M1/M2
windows follows the pattern of the VDI source across frequency. Fig/5.19
Bottom shows the balance between M1 and M2 for the measured power and
from simulations of the fabricated H3N model (Fig/5.6). The standing wave
behaviour has a small period; hence it must be between the branch line power
divider and the horns. To eliminate this influence, the measured imbalance
is fitted with a Fourier filter of third order. The filtered imbalance can be
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Figure 5.19: Measured power division of branch line power divider H3N-11 with
Erickson PM-3. Top: Measured power at the window M1 and M2. The solid dark
lines are the smoothed data with a moving average filter. The black curve is the
available power from the VDI source. Bottom: Measured imbalance of the power
divider H3N-11. In black is the measured imbalance and in blue is the fitted curve
using a Fourier filter. The simulated imbalance obtained from Fig[5.6| Right top is
plotted in magenta

compared with the results obtained from the simulation of the fabricated
model. The results show an increased imbalance between 460 and 500 GHz
above 1 dB and the points of equal balance are shifted to 427.8 and 501.6
GHz.

Comparison of the transmission measurements of block 03 and block 02 added
to the experimental results obtained with the Erickson PM3 suggest that the
reduced transmission in block 3 between 460 — 480 GHz is not caused by
an inherent problem with the transmission parameters of the coupler. Ide-
ally, the IBAMI chips in block .03 would be removed and the power division
measuredwith the Erickson PM3. This would allow to find out if there is an
unexpected interaction between the beamlead pockets and the coupler. How-
ever, removing the IBAMI chips destroys them in the process. Considering
that these IBAMI chips are not available in abundance and that these devices
are also needed for other experiments required for the CHAI development, it
is decided against removing them from block 03. This shifts the experiment
of the coupler with an external power detector out of the time frame of this
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Figure 5.20: C

omparison of the SIS response|Comparison of the SIS response. Top: Induced current
for a high- and mid-power sweeps. The high and mid-power are classified in function of
how large is the current induced in the junctions below the gap voltage (at 2 mV). For
high power sweeps Ipquced > 150 pA. The measured high and mid-power sweeps follow

the same behaviour. Bottom: Relative response for the high and mid-power sweeps
plus the F'T'S measured response. The response of the junctions remains constant across
both power sweeps and only differs from the FTS measured response in the 440 — 460

GHz range, where the junctions’ response is more similar to each other

thesis and leaves the uncertainty about what exactly is the cause of the low
induced current observed in block 03.

So far the results point to a problem particular to block 03, most likely caused
by the added beamlead pockets within block 03. Two possibilities arise then.
First, the power divider in a block with beamlead pockets has, contrary to
waht is expected form its design, a frequency range where the transmission
falls to very low values. The second possibility is that it the combined effect
of the power divider, the IBAMI chips and the beamlead pockets creates a
network that gives rise to the observed effect of low induced current between
460 — 480 GHz. Since experiments with the current equipment available
would not yield that much more insight into the problem at hand, it is
necessary to resort to 3D EM simulations.

5.3.3 Induced current in the junctions at high power

Before moving to the simulatons there is a consideration that must be ad-
dressed. It is how the induced current in the junctions behaves at higher LO
power coupled to them. One assumption made in this thesis is that the cur-
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rent induced has a linear relation to the coupled power. In the non-adjusted
LO sweeps, due to the standing waves present in the optic path, there may
be frequencies for which the induced current is higher than initially expected
and possibly leading to a non linear relation between the input power and
the induced current. The linearity is checked by increasing the LO power
coupled to the junctions. Figl5.20] shows the recorded current in the junc-
tion for two LO sweeps in the IBAMI test block, one with a LO power that
induces a current below 100 pA, or medium level; whereas for the second
sweep, it was attempted to couple the largest amount of power without sat-
urating the junctions, so the induced current would be over 150 u A. This
was only achieved at the lower end of the band. Nonetheless, this sweep still
represents, or it is close to, the maximum power coupled to the junctions
scenario in this thesis work. Fig[5.20] Top shows the recorded current in the
junctions for both sweeps and the relative response of the junction is shown
in Fig[5.20] Bottom where it can be seen that both sweeps display a very
similar relative response, meaning that, even for the induced current level
of the second sweep, the linearity response of the junctions does not change

significantly and can be used to assess the power coupled to the junctions
when the IBAMI is embedded in the 2-pixel block scenario.
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5.4 Simulation of the 2-pixel block

Considering that not much more insight can be gained with further exper-
iments, it is necessary to resort to EM simulations. This would allow for a
better understanding of the measurements and attempt a possible deembed-
ing of the parameters of the power divider. The first step is the understanding
of how the individual components affect the performance of the 2-pixel block.
CST provides a schematic simulator that allows for fast and flexible simu-
lation and some limited experimentation. It does require the 3D simulation
results of the main components, which are in this case the 3D model of the
branch line power divider, the connecting waveguides and the 3D model of
the IBAMI chip. 2 lumped elements ports are used to represent the SIS junc-
tions. In the circuit simulator, the pre-simulated 3D blocks are connected at
their ports and there are possibilities to add ideal components to the net-
work. For our purposes, this schematic simulator will be used to study the
2-pixel block and the main components in several scenarios concerning this
work.

Fig[5.21] shows the lower half of the 2-pixel block with the main components
therein and the representation in a schematic simulator available in CST.
Given the complex response of the 3D component of the IBAMI chip, how-
ever, first, a simpler circuit is simulated. The first 2-pixel simulation to study
consists of a branch line coupler H3N and two theoretical ideal 90° hybrid
couplers as a perfectly balanced detector, as a replacement for the actual
IBAMI chips. The schematic is shown in Fig[5.22. The adjustable param-
eters of the ideal coupler are the level of balance between the power at its
outputs, the excess loss and its impedance. Since this coupler is meant to
replace the branch line coupler in the IBAMI chip, a 90° coupler with a 3 dB
balance to both junctions is chosen. Since the IBAMI chip is fabricated in
superconducting Nb, no excess loss is added. The impedance of this theoret-
ical coupler is chosen such that it is matched to the waveguide at 480G H z,
meaning Zrg,,(480GHz) = 513 Q. A CST 3D model of a H3N coupler
(S-parameters shown in Figl5.6] Right) and of the connecting waveguides
are added to the schematic, which is subsequently simulated in less than a
minute. The transmission characteristics to the four "junctions"(.Jy, Jo,

and .J;), represented by ports perfectly matched to the ideal couplers, are
shown in Fig.. The Top graph shows the S- parameters Sy, 1, ..., S/, 1n
of the schematic model, meanwhile the Bottom graph shows the relative re-
sponse of junctions J5, /5, with respect J;. From the S-parameters ( Fig.
Top) it can be seen that they are dominated by the transmission characteris-
tics of the branch line coupler H3N (Fig. Top right), as expected. There is
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Figure 5.21: Image and schematic of the 2-pixel block Top: Photo of the lower half
of the 2-pixel block with the main components therein, Namely the two IBAMI chips
with the respective I[F combiner and the branch line power divider. The yellow boxes
indicate where the ports of the piece-wise schematic are located in the 2-pixel block.
Bottom: The equivalent schematic of the 2-pixel block. Here the branch line power
divider(in red), the 2 IBAMI chips (in green) and the waveguides connecting them
(in magenta) have been already simulated and the schematic uses its S-parameters
to calculate the overall parameters of the network. In the piece-wise schematic, the
port’s impedance is block dependent, meaning that the ports are matched and do
not generate any reflections.
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Figure 5.22: Schematic of the 2-pixel block with theoretical mixers. Here the
branch line coupler in the IBAMI chips is replaced by a theoretical hybrids, whose
parameters can be chosen at will.
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Figure 5.23: Transmission to junctions in the 2-pixel block with theoretical mixers
with perfectly matched SIS junctions. Here the branch line coupler in the IBAMI
chips is replaced by a theoretical coupler. The ideal hybrids have a -3dB coupling,
a constant impedance of 513 2, and perfectly matched ports for the 4 junctions
and the RF port. Left top: Transmission from the H-port (input). Left bottom:
Relative response of junctions Js and /5 with respect Ji. Right top: Transmission
to the junctions from M1/M2 ports. Right bottom: Relative transmission towards
junctions in IBAMI at M1 (J;/.J2) and M2 -ports (J4/./3).

a standing wave pattern between the 400 — 440 GHz, with a larger amplitude
in the transmission to junctions J; and J, of the IBAMI M1 (Transmitted
port of the H3N coupler). All these features are replicated in the relative re-
sponse of junctions .J»/J; and J;/Jp. It is observed that the former quantity
yields the parameters of the IBAMI chip coupler (ideal —3dB transmission in
this case), while, the latter yields similar characteristics to the balance of the
coupler as observed in Figl5.6) Top right, with an additional wave pattern
embedded.

The cause behind the standing waves pattern is the mismatch between the
branch line power divider and the IBAMI chips M1 and M2. (Fig[5.26)). The
amplitude of the standing wave depends on the level of mismatch between



169 5.4. Simulation of the 2-pixel block

J1,H

Magnitude [dB]
~

J3,H

1 1 1 1 1

-10
400 420 440 460 480 500 520
Frequency [GHZz]

Figure 5.24: Transmission to junctions in the 2-pixel block with theoretical mixers
with a longer waveguide. For this simulation, the length of the waveguides between
the branch line coupler power divider and the IBAMI mixers M1/M2 is doubled.
The consequence is that the wave pattern observed in the transmission from the
input port of the coupler to the junctions has its period halved. This supports the
hypothesis that the wave pattern is a symptom of the existence of a standing wave
between the coupler and the IBAMI M1/M2.

the line and the load, and its period is determined by the length of the line.
To check whether or not the wave pattern observed in the transmission to
the junctions is caused by a standing wave in the waveguide, their length is
doubled and, as a consequence, the resulting wave in the transmission has
had its period halved. In our case, these standing waves originate due to the
mismatch between the theoretical IBAMI M1/M2 coupler and the waveguide
on the one side and the mismatch between the 3D simulated coupler and
the waveguide on the other side. The mismatch at the theoretical mixer is
because these ideal couplers have a constant impedance and are only matched
to the waveguide TE o impedance at 480 GHz. At the lower end of the
band, the impedance is Zrg,, (400 GHz) = 650 €2, this produces a reflection
coefficient theoretical couplers of |I'yp| ~ —18 dB. Comparing the magnitude
of the standing waves observed in IBAMI M1 and M2, it is observed that
the effect of the standing wave is greater in the junctions J;, .J. Since
both theoretical couplers are the same, the reason for this difference must lie
elsewhere. This difference is caused by the fact the reflection coefficients at
the output ports of the branch line power divider are not the same (Fig.
Bottom right.)

It is important to notice that, in practice, standing waves are unavoidable
and will appear in the transmission lines between two components as long as
[' £ 0. Its effect can only be reduced in a given frequency band, by either
reducing the mismatches as much as possible and/or introducing loss in the
transmission lines. Hence it would be important to know how to minimize
its effect. This point is explored later in this text.
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The next step to towards a model of the complete 2-pixel block is the inclu-
sion the simulated reflections at the input port of the SIS tuning structure,
obtained from [Westig, 2013|. This would replace the ideal resistor of 513 {2
at the junction ports. In this scenario the transmissions from the H port to
the junctions are not affected noticeably (Figfp.25 Left). The transmission
from M1 and M2 ports, however, shows an interesting change from the very
uniform transmission seen in Fig5.23 Right to a wavy pattern observed in
Fig[5.25 Right. The transmission from the M-ports to junctions in the same
mixer(pairs Ji, J» and /5, Jy) (Fig[p.25 Right top) show an off phase be-
haviour, meanwhile if junctions from M1 and M2 are compared, it is noticed
that the pairs J;, /5 and Jy, J4 show similar behaviour. This is expected since
they are junctions that find themselves at equivalent ports in M1/M2. This
leads to the term mirrored /equivalent junctions, and it refers to junctions
that find themselves at equivalent ports in the IBAMI chips at M1/M2-ports
and are the pairs Ji-./5 and Jo-J4

The wavy pattern in the relative response through the M1/M2 port has
the same period as the standing wave in the H port transmission but its
magnitude is more or less constant in the complete frequency range. The
cause behind this pattern is the existence of standing waves in the waveguide
between the mixer and the power divider (labelled as Zg and Zj, in Fig5.26)).
Fig[5.27] depicts the current situation for a M-port sweep. The incoming
signal (blue arrow) from M is directed towards the junction ports and it is
reflected due |I'; | > 0. The junctions reflect power towards ports H and M
(red arrow), and due to the symmetry of the 90° coupler, half of the power
ends at port H ( ). The first effect of the added reflections at the
junctions is, that they indirectly establish a transmission path between the
isolated ports (Fig.. Subsequently, the power that gets launched from
port H finds itself in the standing wave cavity between the branch line power
divider and the IBAMI chip. The reflected power is then fed back to the H
port and here it interferes with the original signal from the M port.

In the previous paragraph, it was mentioned how reflections at the junction
ports can reduce the isolation of the perfect 90° hybrid, this is due to the
reflected waves coming from the junction ports. Fig[5.28 shows the transmis-
sion characteristics of a perfect coupler when The SIS ports are not perfectly
matched. The SIS reflections are taken from the tuning structure found in
[Westig, 2013|. It can be seen how, even with a perfect coupler, the trans-
mission between isolated ports, H and M ports in our case is determined by
the reflection parameters at the junctions. This is a dire consequence since it
means that, four our case, the isolation between ports H and M in the mixer
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Figure 5.25: Transmission to the junctions in the 2-pixel block with power divider
H3N and theoretical IBAMI plus the added reflection of the SIS tuning structure.
Left Top: Transmission from the input (H-port) to the junctions of the two IBAMI
chips. Left bottom: Relative transmission towards junctions .J; and .J; with re-
spect J1 . Right top: Transmission from the M1/M2 port towards the respective
junctions. Right bottom: Relative transmission of junctions in the same Mixer.
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Figure 5.26: Transmission line with generator and load mismatches. For any
transmission line which is not perfectly matched the load (Z1) will generate standing
waves in the line. The standing wave is generated by the intereference betweent the
incoming wave and the reflected one by the load at z+1{. In the case where Zy # Zg,
the reflected wave by the load will be again reflected into the line by the mismatch
with the source at z. This will interfere with the waves already in the line, enhancing
the magnitude of the standing waves.

be dominated by the reflection at the junction port.

520

Now that it has been seen that this wave behaviour in the M1/M2 sweeps
is caused by the reflections at the SIS junction ports and the phase offset
introduced by the 90° coupler in the mixer, it is time to move towards the
next step of including the complete 3D simulated IBAMI in the reduced
cavity.

The model is shown in Fig/5.29 Top. It does not include the complete IBAMI
. It does not include the 3D model of the tuning structure and the

chip
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Figure 5.27: M1/M2 feed schematic. A signal is injected at M port and it is equally
divided by the perfect 90° coupler towards the junctions port J, and J,, (blue arrow).
Here both junctions J, and J, reflect some power back into the 90° coupler. Half
of the total reflected power is redirected to the H port (red arrow). There, the
reflected signal enters the waveguide and is reflected into the mixer, generating a
standing wave (green arrow). The power entering the H-port interferes with the
original signal coming from the M-port and produces the off-phase wave pattern
in the transmission from the M port towards the junctions. In the case that the
reflection at the waveguide ports of the branch line power divider is zero (|I',| = 0),
no standing wave would be observed.
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Figure 5.28: Effect of the reflections from the SIS on the parameters of a perfect
—3 dB hybrid. Top: Reflections from the tuning structure of the twin parallel
SIS junctions, obtained from the simulations presented in [Westig, 2013]. Bottom:
Parameters of a theoretical 90° coupler with junctions at ports 2 and 3 (|I'¢|,|T',| > 0).
The isolation between output ports is worsened by the reflection parameters of the
SIS junction
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Figure 5.29: Top: CST 3D model of the reduced membrane of the integrated
balanced mixer as in |[Westig, 2013]. In this model only the branch line coupler
cavity is included in the simulation. The SIS ports 2 and 3 have an impedance

equal to Zp = 42 Q). Middle: S-parameters of the model. Bottom: Transmission
balance of the model (S31/521)

subsequent IF circuitry. Instead, SIS ports 2 and 3 do have an impedance
of 42 ), to not generate artificial reflections at the moment of connecting
the model to the SIS ports in the 2-pixel schematic. The effect of the SIS
tuning structure is included later in a schematic simulation where the SIS
ports have the simulated S-parameters obtained form Sonnet (Fig. [5.28]).

This model shows a more complex behaviour than the perfect 90° coupler
used before (Fig. Bottom). The effects of including this reduced cavity
model can be seen in Fig5.30, where the S-parameters show a more complex
behaviour than in 2-pixel block (together with a branch line power divider
H3N) with an ideal IBAMI coupler (Figl5.25)). The calculation of the relative
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Figure 5.30: Transmission to the junctions in the 2-pixel block with H3N and the
reduced IBAMI model plus SIS tuning structure. Left Top: Transmission from the
input (H-port) to the junctions of the two IBAMI mixers. Left bottom: Relative
transmission towards junctions Js and ./; with respect J; . Right top: Transmission
from the M1/M2 port towards the respective junctions. Right bottom: Relative
transmission to junctions of the same mixer.

response, used in the presentation of the measurements of the IBAMI chips
(Se, proves to be useful in this case. The relative response from the H
port feed (Fig. Left bottom) yields the same relative response as the
IBAMI chip(Fig5.29 Bottom). Meanwhile, for the equivalent junctions, .J;
and /5, an enhanced standing wave behaviour between 460 — 500 GHz. This
is mainly due to the reflections of the reduced IBAMI cavity model (Fig/5.29
Bottom) and the higher reflections at the coupled port of H3N (S33 in Fig{5.6
Bottom right). The simulation results with the reduced cavity IBAMI show
that direct analysis of the S-parameters would be difficult, given how it is
influenced by many components and their interaction. The transmission from
the M-ports to the junctions shows the same overall behaviour dominated by
the off-phase standing wave. For the case of the reduced cavity the standing
wave’s amplitude is affected by added reflections of the model itself (I'yyppia
and FSIS)-

The next step is to simulate two models of the, almost complete, IBAMI chip
as it would be in blocks 11.110.02 and 11.110.03. The implemented model in
CST is shown in Fig,. and their results in Fig. [5.32, The only difference
between models is that the model corresponding to block 11.110.03 has 3 pum
beamlead pockets(described in sec.. The only missing components in
this 3D model are the twin SIS tuning structures. They are replaced by a
lumped port of Z,, : 10 2. This was done to reduce the simulation time of
these models (the simulation time of these models took around 150-200 hours
of computing time). It is important to notice that this port cannot capture
the true behaviour and influence of the impedance of the SIS junctions as they
are reduced to a constant 10 €2 impedance across frequency. The inclusion
of the SIS junctions into the simulation would be the natural next step.
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Figure 5.32: S-parameters of the RF components of IBAMI in the three simulated
scenarios, in the reduced cavity with only the three branch line coupler, the reduced
cavity and the complete cavity without and with the addition of beam lead pockets.
Top left: Reflections at the input Waveguide port. Top right: Transmission from
the input waveguide port to the SIS port at the transmitted port.Bottom left:
Transmission between output waveguide ports Bottom right: Transmission from
the input waveguide port to the SIS port at the coupled port.

The simulated results for the complete IBAMI chip in blocks 02 and 03 are
shown in Figl5.32] with the results of the reduced cavity IBAMI as well.
Comparing the models with the reduced cavity (Fig/5.29) to the complete
model in (Fig shows significant variations in all S-parameters displayed.
It was expected that there would be a difference between the S-parameters of
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the IBAMI in the reduced cavity and in the complete cavity models. However,
it was not expected that the inclusion of the beamlead pockets would cause
such a stark difference between models in blocks 02 and 03. Considering the
differences between block .02 and .03, it can be seen that the transmission to
junctions decreases significantly, about 5 dB between 460 — 500 GHz. The
reflections at the waveguide port remain around similar levels, with block
.03 having the higher overall S1;. Finally, the isolation between output ports
decreases considerably in block .03, reaching —2 dB at 500 GHz. These
results suggest the power is not coupled to the junctions port, but rather it
gets reflected and exits through the RF port, hence the low Sy1/S3; and high
S41. Another notable feature is the excitation of resonance at 504 GHz that
appears in block .03. It was initially thought that this resonant behaviour
was directly caused by the addition of beamlead pockets. Closer and more
careful inspection reveals that block 02 also exhibits resonances within the
band, albeit in smaller magnitude. This suggests that resonances that already
exist in the block couple to the beamlead pockets, producing the behaviour
seen in the parameters of block .03. An examination of the electric field
distribution at 500 GHz (Fig[5.33)) shows how the field intensity is the highest
in the pockets by the branch line coupler. A cross-section of the cavity where
the branch line couple sits shows the field in the cavity. This field resonates
in the cavity made between the waveguide and the coupler and hinders the

propagation of the CPW mode through it (Fig5.34]).

The simulations of the 2-pixel blocks using the complete cavity IBAMI model
in the 2-pixel block show somewhat similar results to the result obtained with
the reduced cavity model. Comparing Fig/5.30] and [5.35| it can be seen that
for For block 02 the relative response shows that the standing wave pattern
in the relative response of .J;/./; has increased with respect to the result
obtained with the reduced cavity IBAMI model. The reason for this is the
greater reflections at the waveguide ports. The M-port sweeps show that
the phase between mirrored junctions starts to drift at the high end of the
band (Fig[5.35 Right top) and that the magnitude of the standing waves in
the relative response (Fig/5.35 Right bottom) exhibits a larger amplitude
towards the high end of the band.

The result for block 03 (Fig5.36) shows the effects of the lower transmission
towards the junctions and higher transmission between the H and M ports of
the complete IBAMI models within blocks 02 and 03 (Fig/5.32). This leads to
a lower transmission from the H-port (Figl5.36Left top). The transmissions

from the M port exhibit lower transmissions, even reaching —10 dB at 460
GHz (Fig/5.36Right top). This leads to a very large amplitude of the wave
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Figure 5.34: E-field vector plot at f = 500 GHz block 03, transversal cut of the
branch line coupler cavity. It can be seen how the field in the substrate cavity could
hinder the propagation of the CPW even mode in the branch line coupler.

pattern in the relative response (Fig/>.36| Rigth bottom).

These results were certainly not expected given the results measured in sec-
tion [5.3, where the IBAMI test block used to measure the reference response
also has 5 pum beamlead pockets in it. A comparison between the induced
current in the junctions in the IBAMI test block and the simulated transmit-
ted power to the junction ports in the three IBAMI models (Reduced cavity
and in blocks 02 and 03) is shown in the next section.
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Figure 5.35: Simulated transmission to the junctions in the 2-pixel block with
H3N and the complete IBAMI model in block 11.110.02. Here the SIS junctions
are summarized as a lumped port of Zgrg = 10 Q2 Left Top: Transmission from
the input, H-port, to the junctions the two IBAMI mixers. Left bottom: Relative
transmission towards junctions Jy and ./; with respect J; . Right top: Transmission
from the M1/M2 port towards the respective junctions. Right bottom: Relative
transmission of junctions of the same Mixer.
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Figure 5.36: Simulated transmission to the junctions in the 2-pixel block with
H3N and the complete IBAMI model in block 11.110.03. Here the SIS junctions
are summarized as a lumped port of Zgrg = 10 Q2 Left Top: Transmission from
the input, H-port, to the junctions the two IBAMI mixers. Left bottom: Relative
transmission towards junctions Js and /3 with respect J;. Right top: Transmission
from the M1/M2 port towards the respective junctions. Right bottom: Relative
transmission of junctions of the same Mixer.
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5.5 Comparison between experimental results and sim-

ulations

The only available parameters to compare are the induced currents in the
SIS junctions, This quantity depends on the transmission parameters of the
IBAMI (Ss1, S31) and on the incident LO power. To correct for the variation
in the incident LO power, the simulated S9; and S3; are multiplied by the VDI
LO power as a function of frequency (Figld.19). Additionally, the relative
response measured is compared to the simulated Ss;/S3;. The comparisons
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Figure 5.37: IBAMI transmission between waveguide and Junction ports: Mea-
surement vs Simulation. The measured induced current was measured in the IBAMI
test block, which is equivalent to the simulated IBAMI in block .03. Top: Compari-
son with a reduced cavity IBAMI. Middle top: Comparison with a complete cavity
IBAMI without beamlead pockets. Middle bottom: Comparison with a complete
cavity IBAMI with beamlead pockets. Bottom: Comparison between the measured
relative response of the junctions and the simulation in the three IBAMI cavities.
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between the simulated power transmitted to the junctions and the measured
induced current are shown in Fig5.37|

It can be seen that neither of the models’ simulated transmitted power
matches what is observed in the IBAMI test block. The reduced cavity
model (Fig. Top) matches neither the points of equal balance nor the
decrease in induced current seen in the measurements. Blocks .02 and .03
(Middle top, Middle bottom) display the decreasing power in frequency,
however, both of them seem to be shifted in frequency. Additionally, from
simulations it is expected that at some point the measured induced current
in .JJ5 would be larger, and remain larger, than in .J;, however, this is not the
case and only the between 460 — 480 GHz, is the current between the junc-
tions similar. This feature is seen more clearly when analyzing the relative
response of Js (Fig. Bottom). From the measured response the points
of equal balance are found at 410 and 470 GHz and neither of the simulated
responses matches with experimental results. Another fact is that the reso-
nance seen in the parameters of block .03 is not seen in the measured results.
the stark difference between the simulations of block .03 and the experimen-
tal measurements is intriguing when considering that the measurements are
obtained in a block which also has similar 5 ym beamlead pockets.

When only considering the result at hand, neither of the block simulations
corresponds to the measured results and an answer about which IBAMI
model to use in the 2-pixel block can not be given with certainty. The
reason why the simulation of block .03 does not match the simulation is
not currently known. This added to that the only available measured pa-
rameters are the transmissions to the junctions, it is hard to give a definite
reason for it. The current IBAMI modes in blocks .02 and .03 assume a
perfectly tuned SIS junctions pair over the whole frequency range by using
an impedance of Zgrg = 10 ). By omitting the detailed structure of the
actual tuning circuit of the SIS junctions, the simulation is simplified and
accelerated. This simplification is twofold: first, the matching to the SIS is
not good enough to allow for neglect of the reflections and assume a con-
stant impedance over the whole frequency range. Secondly, the coupled LO
power changes the (quantum) impedance of the SIS, which in turn affects
the absorbed LO power. The final absorbed power and thus the induced
current needs to be calculated in an iterative procedure. This is a complex
interaction is difficult to implement in CST. An possible way to include the
dynamic behaviour of the SIS junctions is obtaining the impedance from the
induced current LO sweeps, which would involve recording the pumped I-V
curves at the measured frequencies. This would allow an approximation of
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the embedding impedance of the SIS junctions and use it for the calculation
of the RF voltage V,. and current I,.;. From these quantities then the Z,; of
the SIS could be obtained. It is important to note that this Z, ¢ is dependent
on the LO power coupled to the junctions and for accurate measurements,
an additional reference power detector is required. This process would yield
the impedance Z, ¢ of the twin tuning structure across frequency, ready to be
included in CST simulations, with the limitation that this procedure is only
a retroactive fitting of the measurements.

On the other hand, the resonant behaviour obtained from the simulation
IBAMI chip in block .03 was not expected. The measured induced current
in the IBAMI test block does not display any evidence of the behaviour
of the sort. The only evidence observed in this thesis that would suggest
some sort of resonant behaviour in the IBAMI block was detected in the
non-adjusted LO sweeps in block .03, albeit for a different frequency. For
all couplers tested in block 03, the LO sweeps over the H port displayed
a range of low induced current (Figf.38). Additionally, the SIS displayed
a broken step [-V characteristic, shown in Fig[5.39, when injecting the LO
signal through the LO input port of the 2-pixel block (Figlt.6) and an Fro
within 465 and 480 GHz. Similar phenomena have only been previously
detected in [Ermakov et al., 2016]. It was initially thought that the cause for
the low induced current ranges was the existence of the broken step IV curves,
However, the broken I-V curves are not observed in the entire range between
470—480 GHz, but at particular frequencies, with the junction displaying the
broken step effect but not in the same magnitude. Additionally, broken step
IV was recorded even outside of the range of low induced current 470 — 480
GHz. These facts suggest that both phenomena are symptoms of the same
problem rather than one being caused by the other. To obtain theoretically a
pumped curve that looks similar to the one shown in Fig[5.39] a high incident
LO power is needed (which is available) and an embedding impedance with

a very low real part and a high imaginary part, which points at a resonance
in the block.

At this point, even if the simulations and measured results of the IBAMI
in block .02 and .03 are very limited, they have the closer correspondence
to the actual fabricated devices used. These models are used to compare
the measured induced current to simulations for branch line power dividers
H3N. H2L and H2S. Since it was already seen that the simulation of the
IBAMI does not display a great level of agreement with the measured induced
current, only the relative response of the junctions is given, for both, H and
M1/M2-port feeds is presented.
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Figure 5.38: Example of an LO sweep through the LO port of block 11.110.03. In
the range between 470-480 GHz there is hardly any power coupled to the junctions
for this sweep. Afterwards, from 480 to 510 there is a behaviour similar to that of a
standing wave.
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Figure 5.39: Broken step I-V curve recorded in the SIS junctions for a CW signal
of 472 GHz feed through two different paths in block 11.110.03. The broken step -V
curve is displayed in the magenta curve. The broken step name comes in the clear
break and change in the slope in the middle of the first photon step.
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H-port sweep. Right top: Relative response of junctions in the same IBAMI chip
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chip for a t M2-port sweep.

For model H3N-13 there is a very limited agreement between simulations
and measurement (Figl5.40)). From the H-port sweeps (Fig/5.40| Left), the

measured relative response is not as large as the expected one.

There is

an offset between the measured standing waves and the simulated ones and
both have a similar period. Additionally, for some of the junction pairs in the
IBAMI chips, the standing waves seem to change their frequency, since the
relative phase between the simulated and measured relative response changes
across frequency. This is seen in the relative response of the IBAMI at M1-

port (Fig/5.40|Right top). For the case of the M-port sweep for the IBAMI
at M2-port, only the frequency of the standing wave matches up to 460 GHz.
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Figure 5.43: Comparison between experimental and simulation for coupler H2S-1
in block 02. Left top:Relatice response for mirrored junctions J; and./; for an H-
port sweep. Left bottom: Relative response of mirrored junctions Jo and .J4 for an
H-port sweep. Right top: Relativer response of junctions in the same IBAMI chip
for a M1-port sweep. Rigth bottom: Relative response for junctions on IBAMI
chip for a t M2-port sweep.

The results for the LO sweep with branch line power divider H2L-8 in block
03 are presented in Fig/5.41l The H-port sweeps reveal that the imbalance of
the measured relative response is larger than the expected from simulation.
Additionally, the standing wave in the experimental results is present from
400 GHz up to 460 GHz where the range of low induced current does not allow
for further comparison. The frequency of the standing waves is similar but
there is a variation on their period with frequency. The M-port sweeps display
a large difference between experimental results and simulations. Neither the
overall balance in the response nor the magnitude of the standing waves
exhibits a match between simulation and experiment. Due to the irregularity
of the standing wave in the relative response, it is hard to make a comparison
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Figure 5.44: Comparison between experimental and simulation for coupler H3N-12
in block 02. Left top:Relative response for mirrored junctions .J; and./; for an H-
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beyond the fact that their periods are similar.

The comparison for branch line power divider H2S-3 in block 03 is shown in
Figp.42l For H-port sweeps (Fig[p.42 Left) the magnitude of the measures
standing wave is significantly smaller than the expected simulated one. The
period of the standing waves matches between simulation and experimental
results, and it is also observed that a change in the frequency of the standing
wave is also present. The M-port sweeps (Figl5.42Right) show a measured
response whose standing wave amplitude is considerably smaller than the
simulated one. Additionally, the measured overall imbalance is higher. The
change in frequency in the standing waves is also observed.

The results for the branch line power divider H2S-1 are presented in Fig/5.43|
For the H port sweeps it can be seen that the period of the standing waves
matches, again, with a change in period across frequency. It is noticed that
the measured amplitude of the standing wave in the range 420 — 450 GHz is
of comparable magnitude to the standing waves seen in the simulated results.
For the M-port sweeps. The IBAMI at Mixer port M1 displays an overall
match in the amplitude of the standing waves observed that matches not
only the period but the increase towards the high end of the band. For this
sweep, it is noticed a significant drift between experimental and simulated
results. For The IBAMI at mixer pot M2, there is hardly any match between
simulation and experimental results aside from the period of the standing
waves.

The results for the branch line power divider H3N-12 are shown in Fig[5.44]
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The fact that the IBAMI chip at mixer port M2 broke during the exper-
imental procedure limits the comparisons for mirrored junctions .J;/./; and
Jo/Jy and for .J;/.Js. For the relative response of J;/.J5 it is observed that the
measured and simulated relative response matches in period and amplitude
up to 470 GHz.

5.5.1 Discussion

The first important observation that can be made, is that the period of the
measured standing wave pattern observed in the relative response of the
junctions matches with the period of the simulated one. This supports the
idea that is the mismatches between the power divider and the IBAMI chip
that produce and allow the existence of standing waves in the waveguide
connecting them. In general, the amplitude of the measured standing waves
is lower than the simulated ones. It is hypothesized that the reason for this is
that the mismatch between components is not as high as the simulation would
suggest. Another possibility is that the losses in the waveguides are higher
than anticipated. However, the results for model H2S-1 exhibit some sort
of agreement between simulations and measurements where both standing
waves are of similar amplitude, albeit, not in the same frequency range. This
fact makes the idea of high waveguide losses unlikely.

If only experimental results are considered. It can be seen that the magnitude
of the standing waves of models H3N-13 and H2L-8 are similar. Given that
these two power dividers were tested with the same mixer, it suggests that
their parameters are similar and around the same value. In contrast, power
divider H2S-3, tested in the same block, displays large standing waves in the
relative response J,/.Jy but not in J;/./5. There is a considerable difference
between the results of power dividers H2S-3 and H2S-1, tested in blocks .03
and .02 respectively. The standing waves observed in the relative response of
Jo/Jy and Jy/.J5 are considerably larger with power divider H2S-1. However,
the suspicion that, at the moment of testing power divider H2S-1, the IBAMI
chip was already damaged, limits the comparison with power divider H2S-3.
Judging by the amplitude of the standing waves, it can be said that branch
line power divider H2S-1/3 has the largest reflections at its output ports, this
agrees with the simulated results of the branch line power dividers where the
short circuit termination causes the highest reflections at the output ports of
the power divider.

Regarding the beamlead pockets and their unexpected effect on the trans-
mission from the H-port. There is a strong argument on the performance
side to simply remove them since block 02 did not display such effects. The
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Figure 5.45: Results of the crosstalk between pixels for models H2N-15 and H2S-1.
Top: results for Fgyn, = 461 GH. Here the model H2N-15 displays a better crosstalk
than model H2S-1. The difference being ~ 5 dB. Bottom: results for Fgyn, = 492
GHz, Foir this frequency, the model H2S-1 displays a better crosstalk than model
H2N-15.

consequence of such action would be placing a very short time limit on the
lifespan of the IBAMI Chips. It was observed that the IBAMI chips in block
.02 were in a bad state after 4 opening/closing cycles, as observed with the
measurement of power divider H2S-1. This was due to the waveguide walls
pressing the beam leads and forcing them into the waveguide cavity. In turn,
this puts pressure on the Si membrane eventually breaking the IBAMI chip.
In comparison, the IBAMI chips at block 03 have survived 10 opening/closing
cycles without exhibiting signs of decay. This speaks against the removal of
the beamlead pockets but for their modification. The simulations of block 03
show where the field is concentrated pointing to possible cavities to eliminate
to reduce the chance of the field coupling to the pockets in future blocks.
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5.6 Crosstalk over the LO path results

The results of the crosstalk were measured using the IBAMI mixers as co-
herent detectors. The process was enabled by the CW signal generated by
the VDI CW generator used as LO. The signal to detect was the CW signal
from the Gunn LO. Two branch line power dividers were tested in this setup,
the models were H2N-15 and H2S-1.

The results for the crosstalk measurements are shown in Fig. [5.45 Only
the lower and upper sideband range was covered with a resolution of 0.5
GHz. The simulation of the fabricated components shows that the isolation
between output ports of the coupler H2N (Fig. is almost 6 db better than
the isolation of coupler H2S (Fig[5.6]). A difference like this is only observed
for the LSB and USB for the Fgyun, = 461 GHz, where the model H2N
displayed a lower crosstalk than model H2S. For the case of Fun, = 492
GHz, the model H2S displayed a lower crosstalk than model H2N. The exact
reason for this was not explored due to the lack of time and the fact that no
more experiments of this kind were performed because there was no direct
translation from these measurements to the parameters of the branch line
power divider.

5.7 Considerations for array receivers

From section 5.5 it was seen how the standing waves present in the waveg-
uide between the branch line power divider and the IBAMI chip generated the
wave pattern observed in transmission from the H-port/M-ports to the junc-
tions. This raises the question of how to minimize the effect of the standing
waves in the LO path on the transmission to the junctions. The first and most
direct approach is the elimination /reduction of the factors that contribute to
its existence. These factors are the reflections at their interfaces and the
waveguides between the components. The reduction of the reflection at the
ports is a viable approach but comes with difficulty that achieving reflections
lower than |I'yp| < —20 dB is very challenging for complex components, re-
quiring optimization of every individual component to ensure the reflections
at every interface are lower than the required value. Additionally, considering
that the low noise operation of the SIS junctions does not necessarily mean
the lowest level of reflection, the reflections of the LO distribution network
become even more critical. To reduce the negative impact of the standing
waves, Especially the out-of-phase standing waves, in the power distribution
towards the SIS junctions. This prompts the analysis of the phase of the
reflected signals, modified by the respective hybrids in the mixer and LO
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Figure 5.46: Schematic of the 2-pixel block with theoretical mixers. Here the
branch line coupler in the IBAMI chips is replaced by a theoretical coupler. One of
the parameters of this coupler is the style of coupler, the balance , the loss and the
input impedance seen at every port.

divider. In pursuit of the speed of development, various configurations are
studied in the schematic solver of CST, using, again, a theoretically balanced
mixer like in Fig[5.46] The 90° coupler in the IBAMI chip is replaced with a
180° one while keeping the same level of reflections between components. Its
effect of using a 180° coupler in the balanced mixer is tested, in a piece-wise
simulation, in conjunctions with an H3N power divider. The schematic of
the 2-pixel block is presented again for clarity purposes (Fig[5.46)).

Fig. shows the transmission characteristics of two IBAMI mixers with
a 180° coupler (Right Top). It can be seen how the transmission from
the H port changes considerably, in comparison with Fig/5.25] Right top.
Where previously the transmission was dominated by the characteristics of
the H3N coupler, now a considerable standing wave pattern can be observed
in both mixers. Checking the relative transmission form H-port (Fig}5.25]
Right bottom to the junctions reveals that these standing waves are only
visible when comparing equivalent junctions (meaning Ji-./; and Jo-Jy) in
different mixers. On the other hand, when observing the transmissions from
the M1/M2 ports it can be seen how they are not affected by the standing
waves present in the LO path (Fig[5.25 Left), being only affected by the
parameters of the coupler. From a pragmatical point of view, with the same
level of reflections at the input ports, the 180° balanced mixer shifts the effect
of the standing wave from transmission from the M-port to the transmission
from the H-port. This means the RF signal to both junctions in the mixers
will be the same but the LO level will be different. The exact level of im-
balance a balanced mixer can tolerate and what are the implications for its
noise temperature is a topic not explored in this thesis.

The effect of changing from a 90° based balanced mixer to a 180° one is
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Figure 5.47: 2-pixel block with branch line coupler H3N and a 180° coupler bal-
anced mixer. Due the perfect balance of the theoretical coupler in the IBAMI, the
parameters pairs Sy; p/Sj2 m and S5 /S 4, m are overlapped in top of each other.
This is also the case for the Sji. 4 parameters. Left top: Transmission from the
H-port towards the junctions. Left bottom: Relative response for junctions in the
same IBAMI chip Ji/J5 and mirrored pair J1/./5. Rigth top: Transmission from
port M1/M2 towards respective junctions. Rigth bottom: Relative response of
junctions in the same IBAMI chip.

shifting the effect of the standing wave towards the transmission from port
H. From a design point of view, this is an undesired feature since it is desired
that both mixers receive the same amount of power. Looking carefully at
the transmission in Fig[5.47|it can be seen that the transmissions from the H
port towards the junctions are in a A¢ = 90° off phase(Fig[5.47 Top left),
with a transmission power imbalance of ~ 3 dB. These results suggest that
the cause of this counter-phase behaviour in the transmission in the H-port is
due to the phase imbalance introduced by the 90°. Hence, a different power
divider, where A¢ = 0°, is tested to confirm whether or not it is the A¢
introduced by the power divider that causes the observed behaviour in the
relative response of the junctions.

The second power divider considered in this thesis is a Wilkinson power
divider. The main difference with the 90° branch line coupler is that Wilkin-
son’s outputs have a A¢ = 0° between them. A theoretical Wilkinson power
divider is implemented in the schematic simulator, replacing the model of the
H3N power divider, with an impedance of Zy, = 270 €. This Zy generates a
reflection coeflicient of I'(480 GHz) = —10 dB, at 480 GHz. This impedance
is chosen because it would generate reflections equivalent to the maximum
reflections generated by the branch line power divider H3N (Fig[5.6| (Right)).
The results of the transmission with the theoretical Wilkinson and 180° hy-
brid balanced mixer is shown in Fig[5.48 It is important to remember that,
even if they are theoretical, ideal components, the reflections of the SIS junc-
tions and the mismatch between the waveguide and the Wilkinson power



191 5.7. Considerations for array receivers

4]
@
N

- T T T T T
o —
AVAVAAAA A A A A A R
(]
ko] A S -3.3
2 -10f ——S)1 4 4 2
S —8—5S;,4 S -3

©
—E— S.14,1-!
15 . I . . . . | . . |
400 420 440 460 480 500 520 400 420 440 460 480 500 520
— 2 T —_ 2 T
o == Unitary resp. o == Unitary resp.
St —&—12/J1 H feed Sl —8—J1/12 M1 feed

v o 13/11 H feed v 13/34 M2 feed

270 27T

® 2 068 o5 o == o5 = & 2 e o o o o o

[T o <

< O < O

[ T 4
1S €
_ . . . . . Y . . . . .
%00 420 440 460 480 500 520 400 420 440 460 480 500 520
Frequency [GHz] Frequency [GHz]

Figure 5.48: 2-pixel block with theoretical wilkinson and a 180° coupler balanced
mixer. Left top: Transmission from the H-port towards the junctions. Left bot-
tom: Relative response for junctions in the same IBAMI chip S;/.J> and mirrored
pair S7/./;. Rigth top: Transmission from port M1/M2 towards respective junc-
tions. Right bottom: Relative response of junctions in the same IBAMI chip.

divider are still present. The transmission from the H-port to the junction
shows the wave pattern caused by the standing waves in the LO path(Fig/5.48
Left top), however, it can be seen that the transmission to all junctions has
the same magnitude and has the wave behaviour is in-phase. Proof of this
is the relative response (Fig[p.48 Left bottom) between junctions .J;/.J
and Ji/.J;. From the transmission to the junctions from the M-port, the
results are expected for the 180° hybrid. These results show an improvement
over the 2-pixel block with a 90° branch line power divider. For the same
level of mismatch between waveguide components, an in-phase power divider
(A¢ = 0°) transmission manages to eliminate the effect of the standing waves
in the relative transmission to the junctions, while a quadrature power di-
vider ( (A¢ = 90°)) maximizes the relative difference in power delivered to
the junctions. This configuration would be better than the present one for
an array receiver since, even if the standing waves in the LO path cause the
power delivered to the junction to vary across frequencies, all junctions would
receive an equivalent level of power.

Now that the effects of an in-phase power divider on the power distribution
to the junctions are known, the next step is to simulate the theoretical 2-pixel
block with the designed microstrip Wilkinson power divider (Section
in a theoretical scenario with two ideal IBAMI mixers based on a 90° hybrid.
The results obtained are shown in Fig[5.49] The transmissions from the H-
port towards the junctions (Fig. Left top) show that between 400 — 440
GHz there is a standing wave behaviour that increases its magnitude towards
the low end of the band. This behaviour is caused by the reflections at the
output ports of the designed microstrip Wilkinson, which are higher than
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Figure 5.49: 2-pixel block with the microstrip Wilkinson and theoretical IBAMI
based on a 90° hybrid. Left top: Transmission to the junction from the input
port.Left bottom, relative transmission from the input port to junctions J2 and
with respect to J;. Rigth top: Transmission the the junctions from the M-ports.
Right bottom: relative transmission to junctions in the same mixer.

the ideal one for this frequency range. The relative response (Fig. [5.49
Left bottom) shows no imbalance in the entire band, even at the lower
end where the transmission parameters display an increased standing wave
behaviour. The transmission from the M-ports(Fig. Right top, Right
bottom) shows a standing wave pattern that has an off-phase between the
two junctions of the same mixer. This is in agreement with the previously
simulated results in Section [5.4, The difference here is that the amplitude
of the standing waves with the microstrip Wilkinson is not as large as with
the branch line power divider due to the lower reflections of the former in
comparison with the latter.

The results obtained from the schematic simulation prompt the testing of
the proposed microstrip Wilkinson in a 4-pixel scenario. Here the IBAMI
mixers consist of the theoretical 90° Hybrid with an impedance of Z.oypier =
513 2. The junctions are summarized as the reflection obtained from the
tuning structure from [Westig, 2013|. The 3 power dividers and the 4 IBAMI
mixers are connected by waveguides of the same length. The results are
shown in Fig/5.50, The relative transmission from the H-port to the junctions
has an overall behaviour similar to what was measured with in the 2-pixel
scenario (Shown in Fig{5.49). The reflections at the output ports generate
the standing wave behaviour in the 400 — 440 GHz band(Figl5.50| Left top).
The relative response of the junctions is the same in the LFA band(Fig{5.50
Left bottom), even in frequencies where there is a substantial standing wave
observed in the transmission towards the junctions. The transmission from
the M ports shows an enhanced standing wave. In contrast, if the 4-pixel
block is populated with 90° branch line power dividers, Like model H3N,
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the transmission will suffer due to the standing waves being in off-phase.
enhancing the imbalance in the transmisison towards the junctions (Fig[.5]]
Left). The transmission from the M ports suffers as well, with an imbalance
up to ~ 3 dB in the band(Fig[5.51] Right).

After having studied the results for the choice of components for heterodyne
array receivers, it is seen that and 0° equal power divider in combination with
balanced mixers based on a 180° coupler would be the best case scenario. In
practice, the performance of these components comes with the a complex
design, fabrication and that may have a limited bandwidth. One example of
this are the HFA 90° and 180° hybrids designed for the HFA, presented in
Chapter 3. At this point it is necessary to evaluate the requirements of the
system, and decide for a design contemplating the feasibility of the designs
with the current fabrication capabilities at hand.

5.8 Fabricated microstrip Wilkinson

A prototype of the Wilkinson power divider was fabricated by the cleanroom
personnel of the I. Physikalisches Institut approximately 3 weeks before the
hand-in date of this work. The fabricated is mounted in block 11.110.05,
shown in Fig[5.53 This model differs from the proposed model in Chapter
3. The reason for this is that, given the scarcity of time, the model for
manufacture had to be simplified to reduce the number of fabrication steps.
What this meant is that all the SiO5 patches had to be 300 nm thick and the
Si04 patch at the waveguide-CPW transition had to be reduced from 800 to
300 nm. The consequence is that the mode had to be optimized once again,
with the results obtained shown in Figh.54

The Wilkinson power divider is tested in block 11.110.05. This block, detailed
in Chapter 4, has a different beamlead pocket footprint than block .03/.04.
This modification was implemented after the simulations of the IBAMI in
block .03 showed the field concentrates in the pockets by the side of the
branch line hybrid (Fig/5.33). The beamlead footprint in block .05 has had a
section removed where the field showed a maximum magnitude in an attempt
to reduce its effects on the transmission towards the junctions. The other
modification is that there is a step discontinuity in the waveguide interface in
the IBAMI, detailed in [Westig, 2013|, Section 3.2.8. This additional mod-
ification limits the comparison between the results obtained for the branch
line power dividers tested in block .03 and the Wilkinson power divider in
.05. Hence, it is expected that there are differences between the IBAMI
reference response and the relative response obtained from junctions in the
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Figure 5.51: 4-pixel block with 3 90° branch line power dividers in a cascade con-
figuration. Left top: Transmission to the 8 junctions from port H. Left bottom
relative transmission of junctions Js,.J3,.JJ5 and J7 with respect J;.Right top: Trans-
mission the the junctions from the M-ports.Right bottom: Relative transmission
to junctions in the same mixer.
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Figure 5.52: Transmission from M-port to junctions in a 4-pixel block with 3 90°
branch line power dividers. Here is a zoom into the 460 — 500 GHz band for the
transmission from the M-port towards the respective junctions.
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Figure 5.53: Photograph of the fabricated Wilkinson power divider suspended in
its waveguide cavity in block 11.110.05.

same IBAMI chip (pairs J;/J> and .J;/Jy). The simulation of the 2-pixel
block with the fabricated Wilkinson power divider is done in the schematic
simulator with a reduced cavity IBAMI chip. The IBAMI model also has
the waveguide step included. The results are shown in Fig/5.55] The effect
of the higher reflections at the wilkinson output ports is seen in the standing
wave pattern observed in the transmission to the junctions ports(Left top).
However, due to the Wilkinson is 0° power divider, the standing waves are in
phase. This is observed in the relative transmission towards junction .J; to ./;
(Left bottom), where both junctions have the same relative transmission.
Analyzing the transmission from the M1/M2 ports (Right top), the junc-
tions in the same IBAMI chip display the off-phase behaviour that is clear in
the relative response (Right bottom). Overall, the simulated results are in
line with what is expected for a 2-pixel configuration with an in-phase power
divider and a balanced mixer based on a 90° branch line hybrid. Which
are the balanced response of mirrored junctions (pairs J;/./; and .J;/J4) for
H-port sweeps and the standing wave pattern in the M1/M2-port sweeps for
junctions in the same mixer (pairs Ji/J5 and .J5/Jy).
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Figure 5.54: S-parameters of the microstrip Wilkinson prototype. Top: Reflections
at the output ports of the model (S;;) plus transmission between output ports(Ssz).
Bottom: Transmission from the input port towards the output ports.
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Figure 5.55: Simulated s-parameters of the fabricated Wilkinson power divider
the 2-pixel block. The IBAMI model used is a reduced cavity IBAMI with a step
discontinuity in the waveguide (Shown in Sec 3.2.8 of [Westig, 2013, sections 3.2.4
and 3.2.8). Left top: Transmission from the Input H-port towards the junction
ports. Left bottom: Relative transmission towards junctions .J; with respect to
junctions J; and /5. Right top: Transmissions from the M1/M2 ports towards the
corresponding junctions. Right bottom: relative transmission to junctions in the
same IBAMI.



197 5.8. Fabricated microstrip Wilkinson

The results are shown in Fig[5.56|and Fig/5.57] Left top: shows the recorded
induced current in the SIS junctions, it can be seen that the induced current
in all junctions follows the previously observed trend that they decrease to-
wards the high end of the band. The wave pattern caused by the available
LO power from the VDI LO is also present. In the 400 — 450 GHz range,
it can be seen that all four junctions display a different level of induced cur-
rent. From 450 GHz on, the induced current levels of junctions .J5, /5 and
Jy, display a similar level of induced current and J; has an overall lower
level. Checking the relative response of junctions in the same IBAMI chip
in the Left bottom graph shows that the response of the two mixers has
an offset with the IBAMI at M2 (pair /;/.J4) having the more balanced re-
sponse than the IBAMI chip at M1 (pair J;/.J5). Moving on to the sweeps
from the M1/M2 ports Right top it can be seen that the induced currents
in junctions of the same IBAMI chip are in off-phase. This is caused by the
90° coupler in the IBAMI, compliant with what is expected (Fig[p.55). it
is observed that the mirrored junction pair .J,/ J; exhibits almost the same
values across the band. This is in contrast to the behaviour of the other
mirrored pair Ji/ .J;, where the induced current of both junctions follows
the same overall behaviour but there seems to be a constant offset between
them. The relative response between the junctions of the same IBAMI for
M-port sweeps(Right bottom) shows the considerable standing wave pat-
tern with a maximum amplitude of ~ 5 dB. There is a clear minimum in the
wave pattern between 450 — 460 GHz. Keeping in mind that the amplitude
of the standing waves depends on the reflections at the waveguide ports of
the power divider and the IBAMI chip, this fact suggests that the reflections
between the components are at their minimum.

The relative response two H-port sweeps is plotted in Fig. [5.57 The sweep
"H feed 1" refers to the initial sweep (shown in Figl5.56) where each junction
is recorded by its respective bias box. "H feed 2" refers to a LO sweep where
is recorded with bias box 1. It can been seen how the relative response of
pair J;/./; differs between the two H port sweeps, especially in the higher end
of the band, where the relative response in sweep "H feed 1" falls to ~ —1.9
dB, while the "H sweep 2" the response has its lower value of —1 dB in the
460 — 500 GHz. It is observed that the relative response of pair J;/./; for
sweep 2 agrees with sweep 1 in the lower end of the band and to the relative
response of Jo/./, at the high end. The relative response of pair J5/J; is
very balanced and close to the unitary response within the LFA band with a
maximum difference of 0.5 dB at 500 GHz. This agrees with the simulated
relative response of mirrored junctions (Fig. Left bottom pair). The
reason behind the different relative response for mirrored junctions .J;/
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Figure 5.56: LO sweeps in Block 11.110.05 with a microstrip Wilkinson power
divider. LO sweeps number 1 through the H-port. Left top: Induced current in
all junctions. Left bottom: The relative response between junctions of the same
IBAMI chips. Right: LO sweeps through the M-ports. Right top: Induced current
in all junctions. Right bottom: Relative response between junctions in the same
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Figure 5.57: Relative transmission for mirrored junctions in block .05 with a
Wilkinson power divider. The "H feed 1" and "H feed 2" correspond to two dif-
ferent sweeps. The difference in induced current between .J; and .J; measured in
sweep "H feed 1" sweep prompted the recording of another sweep (sweep "H feed
2") where J; and .J; are both recorded with Bias box 1.

and .J5/.J; from the H-port sweep is not exactly known at this point. The
experimental results obtained do not allow to discriminate which junctions,
either J; or ./5, is the one that has a problem

The last point to address is the fact that no range of low induced current nor
broken step I-V curves have been detected so far with the Wilkinson power
divider. This supports the hypothesis that the properties of the SIS junctions
depend on the network they are embedded in. Since the differences between
the LO distribution network in blocks 11.110.03 and 11.110.05 are the power
divider and the footprint of the beamlead pockets in the IBAMI cavity, it is
not possible to pinpoint the cause behind the broken step I-V or the range of
low induced current. So far, it seems that the modifications to the beamlead
footprint and the Wilkinson power divider prevent the appearance of the
range of low induced current and the broken step I-V.



Chapter 6

Conclusions and outlook

6.1 Conclusions

In the framework of this thesis, two power dividers based on superconducting
planar technology have been designed, fabricated and partially characterized
for the LFA band of the CHAI receiver. Given the required operational
temperature of the power divider, SIS junctions are the only feasible detectors
within the capabilities at hand that could be used to characterise the power
dividers. Considering the availability of the previously developed Integrated
Balanced Mixer (IBAMI) chips, it is decided to use the SIS junctions in it
as direct power detectors. The power dividers are to be tested in a 2-pixel
block, with two IBAMI mixers. This platform has the advantage that it
represents half of the 4-pixel block unit, later intended as a building block
for the 64-pixel CHAI focal plane array. Before the testing of the power
divider in the 2-pixel block, the transmission to the junctions in the IBAMI
is measured. First by FTS measurements and secondly by an LO sweep.
From these experiments, a reference measurement is obtained to be used in
the experiment in the 2-pixel block. At this stage, no problems were detected
in the properties of the IBAMI in its test block.

The properties of the SIS in the 2-pixel block proved to be more complex
than initially expected. The reason is that their I-V characteristic in the
presence of an RF field depends on the network the junctions are embedded
in. Essentially, this meant that the power detector properties depended on
the components to characterise. These properties complicate the interpre-
tation of the measurements since it is undesired that the properties of the
power sensor depend on the device to measure. Clear examples of that are the
broken step I-V curves and the range of low induced current detected in the
H-port sweeps in block 11.110.03. It was only after testing devices in block
11.110.02 that it was discovered that there was an additional interaction be-
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tween the branch line power divider and the IBAMI chip via the beam lead
pockets in block 11.110.03. This is a problematic topic since these features
may appear in more complex networks, such as the 4-pixel block. The one
fairly simple and direct solution of simply removing the beamlead pockets

from the IBAMI chip cavity is quickly discarded as the IBAMI chips in block
11.110.02 showed symptoms of mechanical damage after 5 open/close cycles.

Since the experiment could not yield more information about the results ob-
tained in block.03, It attempted to gain insight by comparing measurements
and simulations of the 2-pixel block. The IBAMI chip had three models
simulated, an IBAMI model with a reduced cavity and the IBAMI chips in
the cavities corresponding to blocks .02 and .03. The results of these sim-
ulations are compared to the IBAMI reference measured in the IBAMI test
block. No simulation was able to reproduce the measured results obtained
in the IBAMI test block. It is suspected that the simplification of the SIS
junctions to a constant impedance in the IBAMI chip results in the disagree-
ment between the experimental results and simulations. Future work has
to consider the variable impedance of the SIS junctions in the simulation,
where the RF impedance of the junction depends on the level of the coupled
power, to get 3D models that comply with the measured results. This would
be of considerable assistance at the moment of debugging and finding the
source of problems in more complex components. Even more perplexing at
this stage, was that the simulated IBAMI in block .03 did show a resonant
behaviour, this simulation was performed only considering the IBAMI chip.
The only evidence that could be used to point to some resonant behaviour
in the IBAMI cavity were the broken step I-V curves and the range of low
induced current.

The testing of the branch line power dividers was limited to the transmission
towards the SIS junctions of the two IBAMI chips in the 2-pixel block. The
2-pixel block was not a platform designed to fully characterise a power divider
but to yield as much information about the smallest network of the complete
64-pixel array. In this aspect, testing with the 2-pixel block proved to be
very useful as the detection of the broken step I-V and the range of low
induced current was detected in an earlier stage of development and not
later stages where the network would be considerably more complex, like in
the 4-pixel block. In the 2-pixel block platform, three out of the four branch
line power divider models were tested, these are power dividers H2L, H2S,
H3N and at a later stage, the prototype of the Wilkinson in-phase power
divider. The power division characteristics were evaluated by studying the
relative response of equivalent/mirrored junctions in the two IBAMI chips.
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The relative response for three branch line power dividers exhibits a wave
pattern across frequency, caused by the standing waves present between the
power divider and the IBAMI chips. The fact that for almost every model
tested, the period of the standing waves, determined by the long waveguide
between IBAMI chips and power divider, matched between simulation and
results supports that hypothesis. The simulated model H2S had the standing
waves with the largest amplitude for all simulated models. Fabricated power
divider H2S-1, tested in block .02 had the largest standing wave’s amplitude
observed. This agrees with the fact that a short circuit termination would
generate the highest reflections at the output ports of the power divider.
In light of this fact and the amplitude of the standing waves observed with
power divider models H3N and H2L, the idea is that the proposed on-chip
TiN loads do work to some extent. However, due to the limitation of not
having a reference measurement of the input power to the 2-pixel block and
the little agreement with the simulation, the measurements do not allow for
a calculation of the exact value of the TiN termination’s reflections.

The final experiment that was performed was the crosstalk between IBAMI
mixers. An RF continuous wave (CW) signal (generated by a Gunn LO)
is injected into one of the M-port and it is detected by the mixers that are
activated by the VDI LO. This test is only performed for two frequencies
of the RF signal glwm = 462 and gzwm = 491 with the VDI LO sweeping
the upper and lower sidebands (USB and LSB respectively). The branch
line power dividers tested in this configuration were H2S-1 and H2N-15. The
results for both power dividers had similar results for both the LSB and USB
for glwm = 461 GHz. In the case of ;w,m = 492 GHz, the power divider H25-
1 has a lower crosstalk than model H2N-15 for both the USB and LSB. this
means that even for a power divider with a terrible termination the crosstalk

is, on average, < —15 dB for fl =461 and < —20 dB f2, = 492.

gunn gunn

From the simulation of the 2-pixel block, it was understood that the wave pat-
tern observed in the relative transmission towards the junctions was caused
by the standing waves present in the LO path. The effect of this standing
wave was that the relative transmission to the junctions was not balanced.
This is undesired since in an array scenario means that not every mixer will
receive the same amount of power leading to different pixel performances in
the array. The first approach is to reduce the reflection at the waveguide
interfaces of the components composing the network. Given that the SIS
junctions are not operated in the regime that generates the lowest reflections
that only leaves the power divider for optimization. Nevertheless, it is pos-
sible to reduce the effect of the standing waves in the mixer by having a
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180° coupler instead of a 90°, since the phase difference introduced by the
coupler cancels the effect of the standing waves in the transmission towards
the junctions. A bit more liberty is available at the side of the power di-
vider, the current branch line models could be optimized for the reduction
of the reflections at its waveguide interfaces. This process would entail the
optimization of every connection between the components, eg. the interface
90° branch line hybrid and the CPW S-bend. This process would be arduous
and it is not a guarantee that the final models achieved the desired reflection
level. The other option is having a power divider that does not have a phase
difference between its outputs. This does not eliminate the standing waves in
the network but it reduces its effect since now the transmissions are in-phase
and have the same behaviour in frequency. This is proven with a schematic
of a 2-pixel block with a Wilkinson power divider that has reflections that
are equivalent to the ones simulated from the branch line power dividers, but
for the Wilkinson power divider, the relative transmission to the junctions
is balanced in the band. This means that if equal transmission between the
input ports (H- and M-ports) and the mixers is desired, the ideal choice of
components for an array receiver is in-phase power dividers and balanced
mixers based on 180° hybrids since this configuration minimizes the effect of
the standing waves present in the LO path. On the other hand the current
configuration in the 2-pixel block, 90° power dividers and balanced mixers
based on 90° hybrids is the configuration that maximizes the effect of the
standing waves in the transmission towards the junctions.

6.2 Future work

During the development of this thesis, some topics were not explored due
to the lack of time and/or resources. They pertain to the two main points
that were not presented in this thesis. The first is the inclusion of the high
frequency behaviour of the SIS junctions in the 3D simulation of the Mixers.
It could be that this will yield more accurate simulations that will help with
the debugging and analysis of experimental results. Continuing with the
SIS junctions, the exact cause of the broken step I-V and the range of low
induced current requires more investigation. It was possible to avoid their
manifestation in block 11.110.05 by changing the beamlead pockets footprint.
Nevertheless, they could appear again with a different power divider or with
a change in the network. This is particularly the case for more complex LO
distribution networks, like in the 4-pixel block.

The second point concerns the development of balanced mixers based on
180° couplers. From the schematic analysis of the 2-pixel network, it was
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concluded that a 180° reduces the effect that the standing waves present in
the LO path have on the mixers. This comes with the problem that 180°
hybrids are hard to implement. An example of this is the CPW hybrids
presented in sections B.4.2) where the overall parameters of the 90°
hybrid are better than for the 180° one. It should also be considered that
the latter dimensions are smaller than the former and will require higher
precision in the manufacturing process. Alternatives to solve or bypass the
limitations of the 180° should be looked into to ensure the feasibility of the
manufacturing process.



Appendix A

Additional results

In this section additional simulations results that did not fit in the main text
are presented. The results are from an unsuccessful 1 — 4 power divider in a
single chip, plus an alternative design for the HFA 90° balanced mixer tuned
to a higher frequency than the model presented in section 3.

A.1 Complete one to four division in one chip for the
LFA

The complete power division in one chip was attempted and it is subject to
the constraints as the individual power divider. This meant that a special
geometry had to be taken so the distance between output waveguides would
eb maximizes while trying to keep the footprint as small as possible. The
designed 1 — 4 power divider is shown in Fig[A.1 Its suffered from cavity
resonances, shown in Fig[A.2] with its S-parameters shown in Fig[A.3]. This
approach to the power division was discarded since it was not clear at that
point if after the removal of the cavity resonances, the performance would be
adequate for the 4—pixel block.

A.2 Additional HFA components

For the additional HFA components, a second 90° balanced mixer is pre-
sented, here the waveguide transition is based on a slotline antenna with a
radial stub instead of a crooked balun. This model is an alternative to the
model presented in section 3 in the case a higher operational frequency is
desired
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Figure A.1: An integrated single membrane 4-way power divider. This model
attemped to eliminate the need of waveguide between the CPW branch line couplers
and have the complete 4-way division in one chip. the size of the chip can be explained
due the need to have a minimum distance between waveguide of 700 pm.
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Figure A.2: Shown cavity resonances in the integrated single membrane 4-way
power divider. The required distance between the output waveguide is met by in-
creasing the CPw line between the components. This traduces into a larger cavity
that suffers from coupling between the odd mode of the CPW and the cavity over it.
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Figure A.3: S-parameters of the the integrated single membrane 4-way power
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