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Abstract
The Atacama Large Millimetre/Sub-millimetre Array (ALMA) wideband sensitivity upgrade
(WSU) project marks the next milestone in the development of millimetre (mm) and sub-mm
astronomy. In this paper, we present the design, optimisation, and performance analysis of the
ALMA Band-9 superconductor-insulator-superconductor (SIS) mixer for applications in the
upcoming WSU programme, and other high-frequency astronomical observations. The mixers
feature a niobium radial-rectangular probe antenna integrated with a silicon-on-insulator (SOI)
substrate, which ensures minimal RF power leakage and optimised power coupling. We base
our mixer design on conventional aluminium oxide (AlOx) tunnel junction technology, with a
critical current density of about 10 kA cm−2. We explore the impact of different junction sizes
on the radio frequency (RF) and intermediate frequency (IF) bandwidths. We demonstrate that
the new mixer design is capable of meeting the more stringent sensitivity-bandwidth
requirements of the ALMA-WSU programme over the original Band-9 frequency range
(602–720GHz), as the IF bandwidth performance reaches up to 20GHz. The IF bandwidth
improvement is approximately double that of the current existing ALMA Band-9 mixers. These
results suggest that our mixer designs provide a promising solution for future ALMA upgrades
and other high-frequency applications requiring broad RF and IF bandwidth.

Keywords: superconductor-insulator-superconductor (SIS), heterodyne mixers,
Atacama Large Millimetre/sub-millimetre Array, broadband, niobium transmission line,
aluminium oxide junctions
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1. Introduction

It has become customary to define the millimetre (mm) and
sub-millimetre (sub-mm) observational windows, spanning
the frequency range from 30GHz to 1 THz, based on the atmo-
spheric conditions in the Atacama Desert, where the Atacama
Large Millimetre/sub-millimetre Array (ALMA) is located.
However, only a few exceptionally high and dry sites, such
as the Atacama Desert and the summit of Hawai’i Island, are
capable of supporting observations across this extensive fre-
quency range.

Within this mm/sub-mm range, a clear demarcation occurs
near 350GHz, corresponding to the boundary between
ALMA-defined Band-7 and Band-8. Observing conditions
beyond this frequency limit are particularly challenging for
most ground-based telescopes due to atmospheric constraints.
Consequently, space-borne or balloon-based missions are
often required to overcome these limitations. This higher fre-
quency range includes Band-9 (602–720GHz), which is of
particular significance as it encompasses the critical carbon
monoxide (CO) J= 6→ 5 transition line, along with numer-
ous other important spectral lines from various atomic and
molecular species. Furthermore, this frequency range is a focal
point for future Event Horizon Telescope (EHT) observations,
which aim to produce even higher-resolution images of black
holes [1, 2].

Given the limited number of sites on Earth capable of sup-
porting astronomical observations at Band-9, it is crucial to
optimise observation time and maximise the scientific out-
put from the few observatories that can operate at these high
sub-millimetre frequencies. Key facilities include the James
Clerk Maxwell Telescope (JCMT) and the Sub-millimetre
Array (SMA), both located at the summit of Mauna Kea on
Hawai’i Island; the Greenland Telescope (GLT), if relocated
to the summit of Greenland [3]; the South Pole Telescope
(SPT) at the Antartica [4]; and the Leighton Chajnantor
Telescope (LCT) in the Chilean highlands [5], among oth-
ers. This frequency range is also relevant to the Atacama
Pathfinder Experiment (APEX) telescope’s Swedish-ESO PI
Instrument for APEX (SEPIA) receiver [6], as well as the
ALMAWideband Sensitivity Upgrade (WSU) programme [7,
8], both of which aim to enhance observational capabilities
and expand scientific discoveries in this challenging yet crit-
ical domain.

Designing and operating a superconductor-insulator-
superconductor (SIS) mixer at Band-9 presents several spe-
cific challenges compared to lower frequency bands. The
commonly used niobium (Nb) transmission line experiences
a significant increase in loss due to Cooper pair breaking
above the (2∆) energy gap of Nb. This energy gap is around
680GHz, which lies near the centre of the original ALMA-
defined Band-9 (602–720GHz) bandwidth. Additionally, the
surface kinetic inductance of the transmission line gradually
increases across this frequency range. A further challenge
arises when the mixer is driven with sufficient local oscillator
(LO) pump power. Under these conditions, the first photon

step is partially eroded by the reversed second photon step [9],
limiting the available bias voltage range for optimal operation.

While the current ALMA Band-9 mixers have demon-
strated exceptional performance [10], enabling numerous sig-
nificant scientific achievements, there remains scope for fur-
ther improvement. In addition to the anticipated upgrade of
ALMA Band-9 from double sideband (DSB) operation to
sideband-separating (2SB) operation [11], potential enhance-
ments include:

Objective #1: Expanding the intermediate frequency (IF)
operation bandwidth to 20GHz, and

Objective #2: Extending the radio frequency (RF) band-
width from the original 602–720GHz to the
extended 580–740GHz range [12].

Both objectives are in alignment with the goals of the
ALMA WSU programme [7, 8]. As the SIS junction theor-
etically should be terminated with an IF impedance 3–4×
their normal resistance (RN) [13], maintaining this impedance
match over more than 1 or 2 octave of IF frequency range is
particularly challenging.

In this study, we aim to investigate whether the aforemen-
tioned objectives can be achieved using existing, well-proven
superconducting nano-fabrication technologies, thereby
avoiding complications to the already successful supercon-
ducting device fabrication process. Specifically, we focus on:

• Employing standard AlOx barrier tunnel junction techno-
logy with a full niobium (Nb) transmission line circuit,
without relying on exotic superconducting materials such as
niobium nitride (NbN) or niobium titanium nitride (NbTiN),
or normal metals like gold (Au) or aluminium (Al);

• Using modest critical current density AlOx tunnel junction
technology around 10 kA cm−2, avoiding the need for alu-
minium nitride (AlN) barriers or high critical current density
AlOx barriers;

• Retaining full Nb junction technology without incorporat-
ing NbN or NbTiN electrodes, including hybrid junction
technologies [14];

• Eliminating the use of any external IF matching circuit [15],
thereby simplifying themixer block design. This approach is
particularly advantageous given the successful implementa-
tion of cartridge-style receivers for ALMA,where additional
microwave IF matching boards would otherwise increase
the mixer block footprint, which is undesirable for high-
frequency receivers in array applications;

• Utilising full-height rectangular input waveguides
(160× 320µm) instead of the current ALMA Band-9
design, which employs half-height rectangular waveguides.
This simplification improves machining accuracy and
reduces complexity in mixer block fabrication.

The primary goal of this study is to determine how far existing,
proven technologies can be optimised to address these chal-
lenges before resorting to more advanced, resource-intensive
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Figure 1. (a) Layout of the SOI mixer chip presented in this paper. The blue-shaded area represents the top 400 nm Nb layer, while the
green-shaded area represents the bottom 250 nm ground layer. The length of the proposed SOI mixer chip and the IF connection beam lead
are adjusted to fit the layout of the existing ALMA Band-9 back-piece, with modifications to the waveguide dimensions and grooves on both
the upper and lower back-piece blocks to accommodate the SOI chip. (b) The original ALMA Band-9 back-piece mixer block designed for
quartz mixer chip. See [10] for details. (c) A sketch of the internal structure of the new upper and lower back-piece blocks that needs to be
modified to host the SOI mixer chip, showing the dimensions of the waveguide, back-short, grooves, and alignment tab trenches.

solutions that may require significant time and investment to
mature.

The development of advanced ALMA-WSU Band-9
receivers requires a concerted effort from multiple areas of
expertise to optimise each component in the receiver chain,
from the quasi-optical elements to the downstream backend
spectrometer. This paper focuses primarily on investigat-
ing the theoretical limits of RF and IF performance from
the perspective of mixer chip design, aiming to provide a
reference for future receiver development in this frequency
range. The predicted mixer performance may not fully reflect
the actual receiver performance in practical operation, as it
depends on several additional factors, such as the availability
of impedance-matched wideband IF amplifiers and the cor-
responding wideband readout spectrometer, broadband and
well-matched feedhorns, and high-power stable local oscil-
lator (LO) across the entire RF range.

2. Mixer chip design

Our Band-9 SIS mixers employ a radial-rectangular probe
antenna [16, 17], housed within a full-height 160× 320µm
rectangular waveguide, serving as the waveguide-to-planar
circuit transition antenna. The mixer chips are fabricated using

10µm silicon-on-insulator (SOI) substrate technology [18–
20], which facilitates the mounting, alignment, and shaping of
the mixer chips. More importantly, the use of SOI technology
minimises RF power leakage through the gaps in the trenches
hosting the mixer chip. This is particularly advantageous when
utilising specific types of on-chip antennas, such as twin-slot
[21–23], bow-tie [24, 25], or probe antennas.

Figure 1 illustrates the layout of our mixer design. The
niobium (Nb) radial-rectangular probe is supported on a
10µm thick SOI substrate. For operation near 650GHz, the
broad-side diameter of the rectangular waveguide is set to
320µm, corresponding to a cutoff frequency of approximately
470GHz. The mixer chip is mounted within a small opening
milled across the cross-section of the rectangular waveguide,
with a height of 15µm. The antenna is suspended 112µm
above the termination of the rectangular waveguide, forming
the backshort. The dimensions of the probe and backshort were
optimised using Ansys® High Frequency Structure Simulator
(HFSS) [26] to achieve optimal power coupling and band-
width performance. Additionally, two semi-circular tabs were
integrated into the SOI chip design to assist with mounting
and alignment. These tabs are particularly important for accur-
ately positioning the probe relative to the rectangular wave-
guide, as misalignment can significantly impact the bandwidth
performance [27].
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Figure 1(b) depicts the configuration of our WSU mixer
chip, which is based on aluminium oxide (AlOx) tunnel
junctions with a normal-resistance-area (RnA) product of
20Ω·µm2 and a specific capacitance of 80 fFµm−2, corres-
ponding to a critical current density of about 10 kAcm2. This
value is modest and conservative given modern cleanroom
capabilities, yet it ensures high production yield. To tune out
the parasitic capacitance, which would otherwise short the
junctions at such high frequencies, we adopt the widely used
twin-junction tuner circuit approach [28, 29]. This approach
offers superior RF bandwidth performance compared to end-
stub or end-loaded tuning circuits [30], which rely on a
single tunnel junction and have been shown to exhibit slightly
inferior RF bandwidth performance [31]. The junction arrays
are embedded in amicrostrip transmission line, formed using a
400 nm top and 250 nm ground Nb film sandwiching a 250 nm
thick silicon monoxide (SiO) dielectric layer.

The width and length of the narrow microstrip section con-
necting the two-junction array are optimised to present an
inductive load to each junction, thereby broadening the RF
bandwidth. An impedance transformer section is incorporated
before the tuner circuit to mitigate the impedance mismatch
between the output of the probe antenna and the junction array.
Additionally, a five-section high-low impedance RF choke is
employed after the tuner circuit to prevent RF power leakage
into the IF chain. A gold beam lead connects the mixer chip
directly to a 50Ω SMA (SubMiniature version-A) pin directly
without any IF matching circuit. To ensure proper ground-
ing, additional beam leads are positioned along the two wide
edges of the mixer chip, providing robust grounding to the
circuit.

Apart from the characteristics of the junction itself, one
of the limiting factors for IF bandwidth performance is the
on-chip planar circuit used to achieve broad RF bandwidth
and maximise RF coupling to the junction, as described
earlier. These ancillary circuits, such as the impedance
transformer and the RF choke, are typically realised using
microstrip technology due to their well-understood electro-
magnetic (EM) behaviour, ease of design, and the confined
transmission field lines. This is crucial for minimising cross-
talk, leakage, and avoiding unwanted on-chip resonances
[32]. However, microstrip circuits acting as shunt capacitance
in parallel with the junction capacitance inevitably increase
the parasitic IF capacitance, which in turn limits the IF
bandwidth.

To address this, our WSU mixer design minimise the use
of microstrip circuit and replace them with carefully designed
coplanar waveguide (CPW) transmission lines, including the
probe antenna feed line, the RF impedance transformer, and
the RF chokes. Only the tuning circuit comprising the two
junctions are connected with microstrip. Extensive EM sim-
ulations were then performed using HFSS to ensure that no
parasitic behaviours, such as unwanted resonances, leakage,
or cross-talk, would affect the RF and IF bandwidth perform-
ance of the optimised mixer chip, without altering the setup of
the antenna and the waveguide, except for variations in designs
with different junction sizes (see section 2.1).

2.1. Naming convention

For clarity and ease of discussion, we first summarise the vari-
ations of mixer designs presented in this paper, along with the
different sets of noise-bandwidth requirements that will serve
as benchmarks for evaluating their performance.

Mixer Design Variations: This study considers three distinct
mixer designs, each differing in junction size while maintain-
ing the same overall topology and chip layout. The on-chip cir-
cuits, including the probe antenna dimensions, tuning circuit,
impedance transformer and rectangular waveguide backshort
etc are optimised for best performance in each case:

Design #1: with twin 1.0µm2 AlOx junctions
Design #2: with twin 0.8µm2 AlOx junctions
Design #3: with twin 0.6µm2 AlOx junctions

RF Bandwidth Ranges: Two RF bandwidth ranges are con-
sidered in this work:

(i) Existing ALMA-defined Band-9:
• 100% RF bandwidth from 602–720GHz
• 80% RF bandwidth from 614–708GHz

(ii) Extended Band-9 range (as proposed by Rearini et al [12])
• 100% RF bandwidth from 580–740GHz
• 80% RF bandwidth from 596–724GHz

Noise-Bandwidth Requirements: The performance of each
mixer design is evaluated against four noise-bandwidth
requirements, applicable to both the existing and extended
Band-9 ranges:

Existing 100%: 261 K over 100% RF range
Existing 80%: 178 K over 80% RF range
ALMA-WSU 100%: 145 K over 100% RF range
ALMA-WSU 80%: 121 K over 80% RF range

The quoted noise limits are refer to the double sideband
(DSB) receiver noise. The single sideband (SSB) value is twice
the DSB noise.

3. Heterodyne performance

Once the mixer chip designs (each optimised based on the
selected junction size) were finalised using the electromag-
netic modelling package to optimise power coupling between
the input rectangular waveguide and the tunnel junctions, as
well as between the junctions and the IF port in the microwave
regime, we evaluated the heterodyne mixing performance
of the SIS mixer chip using SuperMix [13, 33], a software
package developed based on superconducting quantum mixer
theory [34]. The S-parameter matrices of the mixer chip, simu-
lated with HFSS, were exported to SuperMix to form the com-
plete mixer circuit [15].
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Figure 2. (a) SuperMix predicted heterodyne performance of the
optimised mixer designs with 0.6µm2, 0.8µm2 and 1.0µm2

junctions. Note that this simulation is performed with a fixed IF
frequency of 4GHz, with the bias voltage and LO pumping power
adjusted at each RF frequency for minimum noise, hence not
reflecting the actual operational condition, but simply to give a
first-hand idea of the RF bandwidth performance. (b) The
theoretical unpumped and pumped (at 700GHz) normalised IV
curve used in SuperMix to simulate the heterodyne performance of
the mixers, showing the typical voltage biasing range.

In figure 2(a), we present the predicted double-sideband
(DSB) heterodyne performance of the three different optim-
ised mixer designs, based on twin junction sizes of 0.6µm2,
0.8µm2 or 1.0µm2, simulated using the theoretical current–
voltage (IV) curve shown in figure 2(b). From these simulation
results, we conclude that a junction size of at least 0.8µm2

is necessary to cover the entire 602–720GHz range, assum-
ing a noise temperature less than 4× the DSB quantum limit.
Smaller junction sizes tend to widen the RF bandwidth, while
larger junctions narrow it.

However, note that figure 2(a) was simulated across the LO
frequency range with a fixed IF frequency of 4GHz. The LO
pump power and the junction bias voltage were adjusted for
each LO tuning frequency to achieve optimal noise perform-
ance. In practice, during observation, the LO does not neces-
sarily need to be set at the extreme ends of the RF band, since
the LO frequency depends on the available IF bandwidth of
the mixer and backend processor.

3.1. Definition of IF bandwidth

In this section, we focus on the mixer design based on twin
0.8µm2 junctions. As shown in figure 3(a), our mixer designs

Figure 3. (a) The IF bandwidth performance of the mixer design
with 0.8µm2 junctions with the LO set at 660GHz, along with the
definition of the differences that can be used to determine the IF
bandwidth performance. The dark purple curve shows the receiver
noise temperature with the SIS mixer read out with a semiconductor
amplifier with an added noise (TLNA) performance fitted to a linear
curve where TLNA = 4 K at fIF = 4GHz and TLNA = 7 K at fIF =
20GHz [35]. The bias voltage and LO pumping power adjusted to
achieve broadest IF bandwidth while avoiding positive conversion
gain for operational stability. (b) DSB IF bandwidth performances
near the edges of the RF band at 620GHz and (c) 700GHz.

exhibit broad IF bandwidth performance, as we significantly
minimise the IF capacitance in the design. However, the defin-
ition of the ‘IF bandwidth’ depends on how it is defined,
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Figure 4. Single sideband gain and noise performances at different LO/RF tunings across the IF bandwidth.

as there is no established convention for this. Some possible
definitions, as illustrated in figure 3(a), include:

• The –3 dB DSB gain limit, indicated by the orange dashed
line in figure 3(a), resulting in a ∼13GHz IF bandwidth.

• The –3 dB down from the peak DSB gain, indicated by
the dark-red dashed line in figure 3(a), resulting in a near
15GHz IF bandwidth.

• The receiver noise temperature, accounting for the intrinsic
DSB gain and noise performance of the mixer chip readout
with a low-noise high electron mobility transistor (HEMT)
amplifier (Trec = TSIS + TLNA/GSIS), where TLNA is emu-
lated as a linear projection from TLNA = 4 K at fIF = 4GHz
to TLNA = 7 K at fIF = 20GHz. The noise temperature
crossing 3× the DSB quantum limit, indicated by the green
dashed line in figure 3(a), results in a close to 24.5GHz IF
bandwidth.

• The same as above, but referenced to 4× the DSB quantum
limit, indicated by the dark purple dashed line in figure 3(a),
resulting in a close to 34GHz IF bandwidth.

For our investigations in this paper, we adopt option 4
as the reference for defining the IF bandwidth. It is clear
that reducing the noise temperature of the readout ampli-
fier would improve IF performance, bringing it closer to
the intrinsic noise performance of the mixer itself, which
could extend the IF bandwidth beyond the 35GHz range
in all cases. However, it is challenging to develop an
actual LNA that is well impedance matched across such
broad frequency range. The various parasitic reactances
also increase with higher IF frequencies, hence it may
not be realistic to operate the receive beyond 20GHz IF
bandwidth.

If we assume a 20GHz IF bandwidth based solely on
figure 3(a) for design cases, then as shown in the purple curve
of figure 2(a), it appears feasible to cover the entire 602–
720GHz range with a noise temperature of less than 4× the
DSB quantum limit, even with the 1.0µm2 junction design.
This would involve only three LO tunings: at 620GHz for

the 600–640GHz range, 660GHz for the 640–680GHz range,
and 700GHz for the 680–720GHz range4.

However, as shown in figures 3(b) and (c), the IF band-
width does not remain constant across the chosen RF/LO driv-
ing points. The IF bandwidth narrows near the edges of the
RF band. While the intrinsic noise temperature of the mixer
remains relatively flat across the IF frequency range, the DSB
gain decreases more rapidly, thereby narrowing the receiver
noise bandwidth. Although the performance near the edges is
not as optimistic as that at the centre of the RF band, but they
are still close to 20GHz IF bandwidth for the 0.8µm2 junc-
tion case. But the same may not be true for the other designs.
This highlights the challenge of defining the IF bandwidth in
such cases, as the bandwidth depends on the specific RF/LO
frequency. Therefore, we argue that a more appropriate way to
describe the RF and IF bandwidth is to fully assess the single
sideband (SSB) receiver noise performance under the opera-
tional LO tuning conditions during observations, particularly
to evaluate sensitivity near the edges of the RF band.

3.2. Double sideband vs single sideband operation analysis

To complicate matters further, not only does the DSB receiver
noise temperature increase near the edges of the band, but the
DSB gain is also an average product of the folded upper side-
band (USB) and lower sideband (LSB) gains. These gains do
not necessarily behave symmetrically, and the single sideband
(SSB) IF bandwidth performance presents a drastically differ-
ent picture near the edges of the band, as shown in figure 4.
Hence, the IF definition using a DSB performance may not
reflect the actual reality for a sideband separating (2SB) oper-
ation, especially near the edges of the band where the side-
band ratio (SBR) worsen. Notice how the poorer performance
of the USB and LSB swaps at the lower and upper RF/LO
operating points, which is not ideal for our operation. This is

4 Here, we assume a low-noise amplifier (LNA) with a DC–20GHz opera-
tional bandwidth. However, most LNAs do not operate efficiently at ultra-low
IF frequencies, so there will be gaps near the LO tuning frequencies. As a res-
ult, more than three tunings would be needed to cover the entire RF bandwidth.
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Figure 5. The SuperMix simulation resembles the actual operation of the SIS mixer, illustrating both the operational RF coverage and the
IF bandwidth performance. The light green shaded area represents the 100% RF bandwidth defined by the existing ALMA specification,
spanning from 602 to 720GHz, while the dark green shaded area indicates 80% of this defined bandwidth. The solid line curves depict the
receiver’s SSB noise temperature with the linear-fit TLNA, assuming no RF optical losses. In contrast, the dashed line curves represent the
receiver’s SSB noise temperature with the linear-fit TLNA, but with 10% warm (297 K) RF optical losses. The pink and orange horizontal
dashed lines correspond to the receiver noise temperature requirements specified by the ALMA-WSU programme for 100% and 80% RF
bandwidth, respectively.

not surprising, as sideband performance is primarily determ-
ined by the RF power coupling to the chip and the junctions.
Therefore, it is essential to examine the SSB performance care-
fully, rather than assuming that the DSB performance will be
replicated across the RF bandwidth.We believe this is themost
reliable way to estimate the performance of an actual sideband
separating (2SB) mixer.

It is easier to observe the effect if we plot the actual LO
tuning biasing points anticipated during observation. This is
shown in figure 5, where we observe that the LSB at the lower
frequency end (620GHz) deteriorates much faster than the
USB, and vice versa for the USB at the higher frequency end
(700GHz). Nevertheless, we can see that the performance of
even the 1.0 µm2 junction design is satisfactory, where we suc-
cessfully cover both the 80% and 100%RF bandwidth require-
ments defined by the latest ALMA WSU project [7].

To better estimate the actual receiver performance, figure 5
includes scenarios where the receiver experiences 10% warm
optics losses (at room temperature, 297 K), in addition to the
added noise of the LNA. These are represented by the dashed
curved lines in the plot. As can be seen, even with a signi-
ficant warm optics loss, our 1.0µm2 junctions design nearly
covers the entire WSU 100% bandwidth requirement, miss-
ing it by just a few GHz. However, it certainly meets the 80%
WSU bandwidth requirement throughout. With smaller junc-
tion sizes (0.6 and 0.8µm2), we are able to cover the entire
existing Band-9 RF bandwidth with only three LO tunings,
hence achieving our first objective i.e. to extend the IF band-
width to 20GHz while meeting the WSU noise temperature
requirement across the original Band-9 range.

4. Extended RF bandwidth requirement

In this section, we investigate whether our Band-9 mixer
designs are capable of covering the extended Band-9 range
from 580–740GHz suggested by Rearini et al [12]. To cover
the wider RF bandwidth, four LO tunings would be required

instead of three, assuming a 20GHz IF bandwidth. This oper-
ational mode, using the exact same mixer designs previously
discussed, is shown in figure 6. Similar to section 3.2, in the
following analysis, we refer to a more realistic receiver noise
performance that accounts for LNA added noise and 10%
warm optic losses.

The first key observation is that, using the original ALMA
Band-9 receiver noise temperature specification as a guideline
(355 K and 522 K SSB Trec for 80% and 100% bandwidth
respectively), we can extend slightly beyond the originally
defined bandwidth (602–720GHz), with the 1.0µm2 junction
design, by employing just four LO tunings. In this config-
uration (figure 6(a)), the in-band performance from the ori-
ginal ALMA-defined Band-9 bandwidth (602–720GHz) also
shows slight improvements when we utilise only the USB at
fLO = 610GHz and the LSB at the fLO =710GHz settings.
But the 1.0µm2 junction design is unable to cover the entire
extended Band-9 range from 580–740GHz. Nevertheless,
using the same Trec specification, both the 0.8 and 0.6µm2

designs successfully cover the extended Band-9 range from
580–740GHz.

Using the more stringent sensitivity requirements specified
by the WSU programme as reference (242 K and 290 K SSB
Trec for 80% and 100% bandwidth respectively), all three
design variations managed to cover the existing 602–720GHz
range, again achieving our first objective i.e. to extend the IF
bandwidth to 20GHz while meeting the WSU noise temper-
ature requirement across the original Band-9 range.

To meet the same WSU requirement across the exten-
ded 580–740GHz range, only the 0.6µm2 junctions design
managed to achieve our second objective i.e. to extend the
IF bandwidth to 20GHz while meeting the WSU noise
temperature requirement across the extended Band-9 range.
However, the 0.8µm2 junction design comes close to meet-
ing the WSU requirements across the extended Band-9 range,
falling short by just a few GHz near the edges of the
band. These results are summarised in the table shown in
figure 7.

7



Supercond. Sci. Technol. 38 (2025) 085001 B-K Tan et al

Figure 6. The RF and IF bandwidth performance of the optimised mixer designs with four LO tunings, covering the extended Band-9 RF
frequency range. The light green shaded area represents the 100% RF bandwidth defined by the existing ALMA specification, ranging from
602–720GHz, while the dark green shaded area corresponds to 80% of this defined bandwidth. The yellow shaded area indicates the 100%
RF bandwidth for the extended Band-9 range, spanning from 580–740GHz, with the orange shaded area representing 80% of this extended
bandwidth. The solid line curves depict the receiver’s SSB noise temperature with the linear-fit TLNA, assuming no RF optical losses. In
contrast, the dashed line curves represent the receiver’s SSB noise temperature with the linear-fit TLNA, but with 10% warm (297 K) RF
optical losses. The specified receiver noise temperatures for both existing and WSU requirement, at both 100% and 80% bandwidth, are
shown as horizontal dashed lines with different colours.

Figure 7. Tables showing which noise-bandwidth criteria each mixer design could meet. The table was made using the performance of each
mixer designs shown in figure 6, referring to the receiver’s SSB noise temperature with the linear-fit TLNA, and a 10% warm (297 K) RF
optical losses (dashed curves), as reference.

5. Other practical considerations

So far, our focus has primarily been on the RF and IF
bandwidth performance of the SIS mixer chips, evaluated
based on their heterodyne performance (conversion gain
and noise temperature) to assess their potential for meet-
ing the WSU requirements. However, several important prac-
tical considerations remain unaddressed, some of which
fall beyond the scope of this paper. These include oper-
ational stability, the impact of fabrication tolerances, and
the availability of suitable wideband LNAs and wideband
backend spectrometer etc. In this section, we briefly high-
light a few of these issues. For a more detailed discussion
of these and other design considerations, we refer the reader
to [13].

5.1. Operational stability

An SIS mixer may experience gain instability when the con-
version gain is too high and/or the RF return loss (S11,RF)
is greater than approximately −6 dB. To partially mitigate
this issue, in earlier analyses, we select the bias voltage and
LO pumping level to avoid positive conversion gain while
maintaining low noise performance. However, as shown in
figure 8, the return loss performance of the 1.0µm2 junc-
tion design remains better than −6 dB only within the 612–
700GHz range, while the 0.8µm2 junction design maintains
this performance from approximately 610–708GHz. This sug-
gests that outside these ranges, these mixers may experience
operational instability near the band edges. Nevertheless, this
issue may be less severe in practice, as the conversion gain
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Figure 8. The total RF power coupling to the SIS junctions (dashed curves) and the return loss S11,RF performance (solid curves) of all three
designs with 0.6, 0.8 and 1.0µm2 junctions.

Figure 9. Tables showing which noise-bandwidth criteria each mixer design could meet if we consider the S11,RF ⩽−6 dB requirement to
avoid potential instability issue. The table was made using the performance of each mixer designs shown in figure 6, referring to the
receiver’s SSB noise temperature with the linear-fit TLNA, and a 10% warm (297 K) RF optical losses (dashed curves), as reference.

tends to drop rapidly at the band edges, which helps to dampen
unwanted instability.

Conversely, the smaller 0.6µm2 junction design achieves
S11,RF ⩽−6 dB over a broader range, from 595–740GHz, cov-
ering nearly the entire extended Band-9 range except at the
lowest few frequencies. While the 0.6µm2 junction design
does not achieve the ultimate WSU noise-bandwidth product
over the extended Band-9 range (objective #2), it success-
fully meets the ALMA-WSU requirement over the existing
Band-9 bandwidth (objective #1). Based on this, we there-
fore conclude that to minimise operational issues, the devel-
opment of a mixer design should focus on the twin 0.6µm2

junction configuration. To reflect these additional considera-
tions, we update the table in figure 7 to exclude frequency
ranges where instability may occur, with the table shown in
figure 9.

5.2. Practical IF amplifiers

Theoretically, SIS mixers achieve optimal IF performance
when terminatedwith a load resistance of approximately 3–4×
their normal junction resistance (RN). In this manuscript, we
assume an ideal IF amplifier with perfect impedance matching
to a 50Ω environment. While it is possible to design a custom
non-50Ω LNA to better match this requirement, we have not
assume such an integration in this study, as it could be chal-
lenging to achieve this over the broad IF bandwidth.

In reality, if an ultra-wideband 50Ω IF LNA may not
achieve perfect input (S11) impedance matching, it could lead
to standing waves between the SIS mixer chip and the IF amp-
lifier, thereby affecting mixer performance. Investigating the
impact of imperfect impedance matching over such a broad
IF bandwidth is beyond the scope of this paper. However,

9
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Figure 10. The simulated receiver noise temperature including the
linear-fit TLNA, 10% warm (297 K) RF optical losses for the 0.6 µm2

junctions design, showing the bandwidth performance of the mixer
design should the tunnel junction size is varied by ±0.1µm2. The
design is marginal, if the performance is referred to ALMA-WSU
sensitivity requirement over the extended RF bandwidth, but still
managed to cover the updated WSU sensitivity over the original
Band-9 bandwidth.

we hope this work provides valuable guidance for IF ampli-
fier developers in optimising the Band-9 WSU receiver in the
near future. If achieving wideband impedance matching in an
LNA proves challenging, an alternative solution would be to
use a broadband isolator between the mixer chip and the LNA
to mitigate mismatch effects. While not an ideal approach, it
could serve as a practical workaround.

5.3. Junction size tolerance analysis

Next, we examine the effect of junction size variation on the
performance of our Band-9 mixers: figure 10. For this ana-
lysis, we use the 0.6µm2 junctions design, though the gen-
eral behaviour is consistent across the other two designs. If
the junctions are fabricated larger than anticipated, the tuned
RF bands shift towards the lower frequency end, while main-
taining a similar bandwidth product. Conversely, if the junc-
tions are smaller than expected, the RF bandwidth narrows and
shifts towards the higher frequency end. Despite these vari-
ations, our 0.6µm2 junction design can still meet the 80% and
100%WSU sensitivity requirements over the original ALMA-
defined RF bandwidth of 602–720GHz, although it falls short
for the extended RF bandwidth. With modern electron-beam
lithography techniques, we are confident that a junction size
tolerance of ±0.1µm2 is achievable.

6. Improved performance with AlN sub-micron
junctions

Finally, we investigate the potential improvement in band-
width performance for these Band-9 mixers by relaxing the
stringent requirements outlined in section 1, specifically:

Figure 11. (a) SuperMix predicted DSB gain and noise temperature
performance for the optimised mixer designs with a twin 0.5µm2

AlN junction tuner circuit, simulated using the same theoretical IV
curve shown in figure 2(b). The dashed blue curves shows the total
RF power coupling from the input waveguide to the junctions and
the solid blue curve the return loss performance. (b) The RF and IF
bandwidth performance of the optimised AlN mixer designs with six
LO tunings, covering an extended Band-9 RF frequency range. The
solid line curves depict the receiver’s SSB noise temperature with
the linear-fit TLNA, assuming no RF optical losses. In contrast, the
dashed line curves represent the receiver’s SSB noise temperature
with the linear-fit TLNA, but with 10% warm (297 K) RF optical
losses. The receiver noise temperature requirements for WSU, at
both 100% and 80% bandwidth, are indicated by horizontal dashed
lines in different colours. The light-blue shaded area indicates the
bandwidth where the SSB noise temperature with optical losses falls
below the WSU 80% bandwidth requirement, and the light-purple
shaded area shows the bandwidth where the SSB noise temperature
with optical losses is below the WSU 100% bandwidth requirement.

• Replacing the AlOx barrier tunnel junction with AlN junc-
tion technology, and

• Utilising half-height rectangular input waveguides
(80× 320µm) to reduce the input waveguide impedance,
thereby broadening the RF bandwidth.
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For this investigation, we use half-micron AlN tunnel
junctions with an RnA product of 20Ω·µm2 and a specific
capacitance of 55 fFµm−2, as reported in [36]. The mixer chip
layout follows the previous designs, with optimisations made
to the probe dimensions and on-chip circuit components to
maximise RF bandwidth performance. As shown in figure 11,
these modifications enable the AlN mixer’s intrinsic DSB
noise temperature to cover the full extended Band-9 RF range
from 580–740GHz, with a DSB noise temperature satisfying
TN < 3× hν/2k and S11,RF ⩽−6 dB from 560–740GHz.

The predicted SSB receiver noise temperature, exclud-
ing optical losses, extends further from 528–758GHz, with
reference to the WSU 80% noise temperature requirement.
Factoring in the 10% optical losses, the RF bandwidth remains
within similar range from 540–754GHz, requiring only six
LO tunings if the SSB receiver noise temperature require-
ment is relaxed to meet the WSU 100% noise temperature
guideline. This represents a 35% bandwidth coverage at near-
THz frequency range. Although such broad RF bandwidth
coverage in the vicinity of Band-9 may not be practical for
ground-based observations, it could be of significant value for
future far-infrared balloon missions [37–39] or space missions
[40–45].

7. Conclusion

This study demonstrates that our WSU Band-9 SIS mixer
designs, based on conventional AlOx tunnel junctions, can
achieve wide IF bandwidth performance as dictated by the
WSU requirement. Our detailed electromagnetic simulations
and noise performance analysis performed using quantum
mixing theory show that the mixer design with 0.6µm2

junctions provides good sensitivity performance, meeting the
ALMA-WSU 80% and 100% RF bandwidth requirements,
across the existing ALMA Band-9 (602–720GHz) frequency
range. However, to fully cover the extended Band-9 range
(580–740GHz) with similar 20GHz IF bandwidth perform-
ance would require half-micron AlN junction technology.
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