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A 345 GHz waveguide SIS mixer prototype
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Receivers based on the superconductor-insulator—superconductor (SIS) tunnel junction are the most sensitive
heterodyne systems for detecting submm and mm-band waves. In this work, we present numerical simulation results
and preliminary SIS mixer designs at 345 GHz. The sensitivity of the developed designs to major technological
deviations is evaluated. The developed mixer has a high potential to be used on board of the , Millimetron“ space
observatory as part of an instrument for observations in the Earth-to-space radio-interferometer mode.
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Introduction

Development of supersensitive sub-mm/mm-band re-
ceivers is currently one of the most intensively and suc-
cessfully developed superconducting electronics areas.

In astronomy, spectral lines of cosmic dust, planet
atmospheres, interstellar substance and other extraterrestrial
bodies are the main source of data concerning chemical
and physical processes of star and planet formation. Mm-
and sub-mm wavelength bands are of special interest
for astronomic observations, spectral lines of many gases
and chemical compounds in ,deep space” conditions and
radiation peak of interstellar dust and complex organic
compounds are concentrated here. This is due to excitation
of rotational and vibrational degrees of freedom of complex
and simple molecules of stellar and interstellar substances
that are in the THz band (for example, H,O, CH, HCI, NH,
OH have absorption lines in sub-THz/THz bands). This
band corresponds to the maximum equilibrium radiation for
very cold (units of kelvins) objects that are very far from us
and their radiation of Earth is weak.

Receiving systems based on the superconductor-insulator-
superconductor (SIS) tunnel junction are the most sensitive
heterodyne systems for detecting sub-mm/mm band and are
used at all modern sub-mm/mm-band astronomic observato-
ries, for example, ALMA (Atacama Large Millimeter Array)
located in desert [1], APEX (Atacama Pathfinder Experi-
ment), NOEMA (Northern Extended Millimeter Array) [2—
7). Low operating temperature and high nonlinearity of
electric properties of the tunnel junction make it possible to
achieve low noise temperatures of receiving elements and,
thus, to reduce the time of single observations and increase
the observatory performance. Double-sideband (DSB) noise
temperature of the mixer is limited by the quantum value

Superconductor devices, superconductor-insulator-superconductor tunneling transition, sub-THz

hf /(2kg) [8], where h andkg are Planck’s and Boltzmann’s
constants, respectively.

In Russian Federation, the ,,Millimetron” space obser-
vatory is developed to be used as an Earth-Space very
long baseline interferometer (VLBI) [9,10]. It is designed
to study the supermassive black hole metric and environ-
ment [11] and to potentially approach the issue of wormhole
existence. The ,Millimetron” space observatory will be
used on halo orbit around Sun-Earth Lagrange point L2.
Halo orbit is a quasi-stable orbit in the vicinity of point
L2 in a plane perpendicular to the ecliptic . When EHT
and Millimetron programs are used together, the expected
imaging resolution at 230 GHz may achieve A6 ~ 5 uas [11].
,Millimetron“ VLBI receivers will be used for interfer-
ometer observations between ,Millimetron“ and ground
stations. to ensure high performance, ,,Millimetron“ VLBI
instruments are divided into frequency bands coinciding
with ALMA and other ground station frequencies. A site
suitable for a submillimeter telescope is now actively sought
for in the Russian Federation [12-14].

To create the most high-frequency VLBI channel,
345 GHz SIS receiver is considered as the main candidate.
It is planned to use it with 230 GHz [15,16] and 86 GHz
channels for black hole shadow observation. Selection
of similar frequency bands to develop the Event Horizon
Telescope (EHT) project [17] supports research feasibility
of creating a high-sensitive receiver for the chosen frequency
band in Russian Federation.

Design and engineering of a cryogenic double sideband
(DSB) mixer were performed for the 345 GHz SIS tunnel
junction receiver. The final objective of the development
is to create a fully functional band-splitting receiver that
is conceptually similar to ALMA band9 [18] using the
DSB mixer whose design is similar to the 211-275 GHz
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solution [19-21]. This will be an assembly based on one-
sided (ie. a waveguide probe and whole integrated circuit
are placed only on one side from the waveguide center)
or two-sided superconducting mixers in the waveguide unit
with high-frequency waveguide hybrid.

1. Design and analysis

To achieve low noise temperature of the tunnel junction
receiver element, good agreement shall be provided between
the SIS impedance and waveguide at high frequencies
and amplifier input impedance at intermediate frequencies
(IF), low VHF signal loss level shall be ensured in
input waveguide and microstrip paths, and high conversion
ratio for the high-frequency (HF) spectrum at IF shall
be provided. Nb—AIOx—Nb tunnel junctions have high
nonlinearity of electric parameters and are used to achieve
efficient conversion of the high frequency spectrum into the
intermediate frequency spectrum.

A 300 x 600 um rectangular waveguide terminated with
a waveguide vertical short-circuiting jumper was chosen as
an input path. The specimen is placed orthogonally to the
wide side of the waveguide as shown in Figure 1, 130 um
from the waveguide jumper (waveguide end terminated
with a solid metal layer). The mixer chip is placed
in its own 170 x 170 um waveguide channel and is a
planar structure based on the superconducting Nb film
in which the SIS junction is included. An aluminum
oxide (Nb—AlOx—NbBN) SIS tunnel junction with an area
of 1um?, tunnel current density ~ 9kA/cm? and quality
parameter defined by Rj/R, > 30, where R; is the —

SIS Backshort

Waveguide,
main cross section

\
Figure 1. 3D view of a mixer element prototype with one-sided
design, ie. the waveguide probe and the whole integrated circuit

are placed only on one side with respect to waveguide center. The
arrow shows the tunnel junction location. BxA = 300 x 600 um.

B
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Metallization

Figure 2. 3D view of the model of reject filter prototype in the
Nb layer. The filters are applied to the quartz substrate and are
placed in the waveguide channel (Type 1).

Metallization

Figure 3. 3D view of the model of reject filter prototype in the
Nb layer. The filters are applied to the quartz substrate and are
placed in the waveguide channel.

underslot resistance, R, is the resistance on the normal
current-voltage curve (CVC) segment of the SIS tunnel
junction, was used as mixer element.

A 125 um fused amorphous quartz substrate was used as
the chip material to avoid additional polishing. To simplify
the calculations, the receiving element had a single-mode
design requiring to use the main waveguide dimensions such
that the first eigen mode had frequencies about 250 GHz
and the second mode had frequencies about 500 GHz. To
design the layout shown in Figure 1, it is required not only
to match the input radiation in the main waveguide channel,
but also to reduce input radiation leakage via the waveguide
channel of the prototype, which is a dielectric waveguide.
To reduce the leakage, quartz substrates with a permittivity
of 3.8, rather than silicon with a permittivity of 12, were
used; the waveguide size that ensured the first eigen mode
frequency much higher than 350 GHz was also used. To
prevent leakage via the metal-plated chip structure, rejection
filters are provided. Figures 2 and 3 show various versions
of such filters, radiation input-output ports are placed on the
waveguide ends.

Type 1 filters (shown in Figure 2) are more convenient
for separation of multilayer structure lines, however, they
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provide lower, but adequate rejection for mixer operation.
Type 2 filters (Figure 3) are more compact, ensure high re-
jection, but are less convenient in design of multicomponent
structures. Therefore, various types of filters were used
in [20,21]. Figure 4 shows numerical simulation of filters
made in the lower Nb layer metallization.

To input VHF radiation from the waveguide into the
planar chip, a quasitriangular waveguide probe is used that
is hereinafter referred to as the ,,probe. Such type of probe
makes it possible to match the high input impedance in
the waveguide (hundreds of Q) with low impedance of
microstructures (tens of Q) on chip. Figure 5 shows the
probe impedance distribution on frequency that is equal to
approximately 20—i25 €.

Figure 1 shows the general layout of the receiving element
and its arrangement in the waveguide, and Figure 6 shows a
blown-up segment in the vicinity of the tunnel junction. The
best match between the tunnel SIS junction impedance and
waveguide impedance is ensured by the probe, impedance
transformers based on a microstrip lines and asymmetric
coplanar transmission line without screen. Transmission
lines between the tunnel junctions and waveguide probe are
used as transformers. Another asymmetric transmission line
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Figure 4. Numerically calculated parameter S21 for Type 1 and
Type 2 reject filter prototypes in the lower metallization (Nb) layer.
The required transmission level was set to —35dB.
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Figure 5. Dependence of the real and imaginary parts of

impedance of the quasitriangular waveguide probe on frequency.

Figure 6. Calculated structure diagram. The arrow shows the SIS
junction. The waveguide boundary goes between the probe and
reject filter.

Variables of designs d1 and d2 illustrating Figures 1 and 2

Variables Design d1 | Design d2
Transformer width, ym 6 52
Transformer length, ym 21 19
Trapezoid jumper height, ym 27 24
waveguide probe length, um 120 102
waveguide probe angle 148° 132°

between the trapezoidal VHF jumper and tunnel junction
is addressed as a lumped tuning inductance for capacity
offset by the SIS junction at the operating frequency. The
SIS junction has a significant capacity (about 80 fF/um?)
that is able to bridge the input HF signal without additional
offset. The trapezoidal jumper is more preferable in the
given design that a radial jumper for matching with the low
frequency filter (LFF).

The SIS tunnel junction with an area of 1 um? generally
makes it possible to match the chip elements using only
microstrip lines; however, hybrid structures consisting of
microstrip and coplanar lines makes it possible to reduce
the spurious capacity and, thus, to expand the IF band.
The upper Nb layer also contains reject filters, but due
to geometrical limits, they were built in the coplanar
asymmetric line (Figure 6), their transmission level is
about —30dB.

The receiving element prototype design required to
ensure narrow-band AFR with high match level about
345GHz. Two designs were made (d1 and d2) that
had different dimensions of transformer elements, tuning
elements and probe (see the table), whose theoretical AFR
is shown in Figure 7. Design 2 is more narrow-band, but
provides better match at the target frequency, only design d2
will be addressed hereinafter.

SIS junction is a quantum device electrical specifications
of which depend on frequency. Its impedance in the IF
band is much higher that in the HF band and may be equal
to hundreds of Q [8]. Together with high capacity of the
tunnel junction itself and capacity of tuning structures, this
results in considerable reduction of the matching band of the
SIS junction and 50 Ohm amplifier input. To expand the IF
band, an LC transformer placed on the external PCB in
the immediate vicinity of the sample. Figure 8 shows AFR

Technical Physics, 2024, Vol. 69, No. 7
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Figure 7. Dependence of power match of SIS junction and
waveguide input for two designs (d1 and d2).
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Figure 8. Dependence of power match of the SIS junction and
output for amplifier for mixer design d2 and two tuning output
transformers (d2ifl and d2if2) in the IF band.

of the receiving element on IF. Another method to expand
the IF band is to modify the tunnel junction specifications
fundamentally. It is known that the SIS structures based on
the Nb-AIN-Nb junctions make it possible to implement
high current density and wider IF band, however, the
receiving elements on their basis have a lower HF-to-IF
conversion ratio [21,22].

2. Analysis of the effect of probable
deviations of the main parameters and
dimensions

When making the receiving elements and mechanical
outfit, minor deviations of the waveguide element dimen-
sions and receiving structure parameters are allowed. When
making the planar structure, various process masks of layers
shall be aligned, which may result in deviation of the tunnel
junction position with respect to the metallization layers.
The effect of such deviations on HF AFR is shown in
Figure 9.

Technical Physics, 2024, Vol. 69, No. 7

During SIS formation, minor deviations of the tunnel
junction area occur; linear departure of the SIS size
by ~ 0.1um results in SIS junction area change by 20%,
the effect of such deviations is shown in Figure 10.

The waveguide unit with the channel for the sample
contains deep and thin elements made by milling, estimates
of the effect of AFR deviations when making the specified
channels are shown in Figure 11,12.
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Figure 9. Dependence of power match of SIS junction and
waveguide input with SIS junction shift by 1 um.
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Figure 10. Dependence of power match of SIS junction and
waveguide input with deviation from the nominal area by 20%
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Figure 11. Dependence of power match of SIS junction and

waveguide input with waveguide jumper shift by 20 um.
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Figure 12. Dependence of power match of SIS junction and
waveguide input for design d2 when the sample is placed in a
more shallow waveguide channel due to milling error. Design
clearance between the upper surface of the sample and waveguide
unit cover 45 um.
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Figure 13. Dependence of power match of SIS junctions and
waveguide input for design T2 for sample positioning deviation
with respect to the long waveguide wall.

The samples are installed into the waveguide channel
using a microscope and a thin needle. During this process,
the sample may move inside or outside the main waveguide.
Estimate of such deviations is shown in Figure 13.

Thus, minor deviations of the mixing chamber dimensions
and sample shifts have no major influence on the mixer
performance; SIS junction area departures have the highest
influence. Therefore, when making the structures, we
design make several junction designs whose diameters differ
by 0.1 um.

3. Stability of the double-sideband
mixer (DSB)

To obtain the stability criterium for the DSB mixer
in the operating range of 300—370 GHz, Tucker’s mix-
ing theory was used [8,23] within low frequencies fp
(fir/fur — 0). Mixer properties are calculated in the
three-port approximation, i.e. it is assumed that current

generated on f, = fip+mfp, |m > 2 are short-circuited
by the geometrical capacity of the junction. Output
admittance Yir of the SIS mixer is defined as follows

1
Yir=— — VY, 1
IF ZOO L ()

where Z is the reciprocal of the supplemented matrix Y (for
details, see [8,23]), and Y_ is the IF load circuit admittance.
Though, it is not obvious from the equation, but Yir depends
on the USB port (IF upper sideband) and LSB (IF lower
sideband) admittances, respectively, Yuir and Yiyr; its value
depends on the operating conditions of the pumped SIS,
output impedance for the upper sideband Zs and lower
sideband Z;. Hereinafter, lower indices S and | are used
to denote explicitly that the frequency band may be either
USB, or LSB. Within fz — 0; it can be shown that in the
sdeal“ DSB mixer mode [23,24], where

Zs = Z| Im[YIF] =0.

Re[Yir] may become negative depending on the VHF power
of SIS tunnel junction pumping by the heterodyne and
on Zs. In this case Y is the CVC slope of the ,,pumped® SIS
junction at constant power of pumping by the heterodyne
in the constant bias voltage setting mode. For the purpose
of calculations, mixer operation in the DSB mode with
Im[Yjr] = 0 was assumed.

Regions with negative slope on the SIS CVC induced
by the effect of the external heterodyne signal are typical
for mixers operating in the quantum mode; in contrast, for
resistive, so-called classical mixers, condition Re[Yr] > 0
is always satisfied. Any device with negative differential
resistance is potentially unstable. In the SIS mixer, such
instability may result in oscillation in the IF, HF paths or
in the SIS operating point setting circuit. In this case,
such mixer still may be used, but IF load resistance shall
be selected carefully so that Re[Yjr] + Re[Y ] > 0, which
is the prerequisite for operation without oscillations [25].
There is a more stringent alternative requirement: Zs = Z;;
Re[Yir] > 0 for each optimum operating point on CVC with
given optimum Zs that was used for design of single-band
receiving mixer element: to chose the optimum operating
conditions, the effect of many parameters shall be analyzed,
this was addressed in detail by L. D’Addario [23].

The calculation used an operating point in middle of the
photon step and the pumping level @ = 1, because noise
temperatures of SIS mixers on this step are minimum or the
experimentally measured CVC of the test SIS junction with
low leakage. Satisfying the conditions mentioned above for
each impedance of structures into which SIS shall be built
in and using the three-port approximation of the quantum
mixing theory, we have obtained the design restrictions;
impedance of the structure that is ,,seen by SIS shall be
a little lower than the SIS resistance on the normal CVC
branch and shall be mainly capacitive. According to [25],
the obtained restrictions are more stringent for SSB than for
DSB, and since the designed mixer shall in future work in

Technical Physics, 2024, Vol. 69, No. 7
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a stable manner also in the SSB mode, we need to consider
the SSB application as the design stability criterium.

4. Stability of the single-sideband
mixer (SSB)

Using the abovementioned Tackers’s and Feldman’s find-
ings within low frequency range fir (fip/fur — 0) for
the mixer used in the frequency range of 300—370 GHz,
we have specified the stability criterium. Mixer properties
were calculation in a three-port approximation. In the SSB
mixer, where Ys and Y, are different, the real part of the
complex output IF admittance (Yjr) may have negative
values. For stable operation in this case, care shall be
taken when choosing IF load impedance Y. such that
Re[Yir] + Re[YL] > 0, which is a prerequisite for operation
without oscillations.

For this rule, there is an alternative with a higher ,,safety
margin“, to ensure stable operation, the SSB mixer may
be designed using the SIS tunnel junction by choosing Z;,
bias voltages in the constant voltage and VHF pumping
power setting mode such that Re[Yjp] > 0 for Zg that
provides the optimum receiver specifications [25]. A set
of assumptions is required for calculation. we assume that
these optimum conditions are achieved for the bias voltage
in the middle of the first photon step under the action of
the VHF heterodyne signal with power corresponding to the
pumping level @ = 1. Moreover, we have assumed that Z,
is reactive (Z; = j x X with arbitrary reactive resistance X),
that the lower sideband is fully reflected; Zs corresponds to
the normal junction resistance Rn, Zs = R,. By applying
the three-frequency approximation to the quantum mixing
theory, using the same SIS CVC as that used in Section 3,
we have obtained the restrictions imposed on Z; so that
Re[Yir] > 0 at 345GHz. The obtained values of Z
normalized to the resistance on the normal branch of CVC
(Rn) fall within

_j.486<Z <+j-0.16 ()
Rn

and do not depend on Ry, thus, the condition for impedance
in LIF Z, was obtained. We assume that it shall be satisfied
by the SSB mixer to ensure the stable operation at 345 GHz.
For design, we have selected a matching element structure
such that to satisfy the condition. When the same simulation
steps were performed in a wider range of 300—370 GHz, it
was found that a lower frequency limits the boundaries of
the estimated area where the mixer element will work in a
stable manner:

. Z .
—j-3.64§R—|n§—|—J-0.13. (3)

Conclusions

A cryogenic DSB mixer using the SIS tunnel junction
for 345GHz was designed and simulated. Two types of

Technical Physics, 2024, Vol. 69, No. 7

filters were designed to provide the rejection level not
worse than—45dB within 300—400 GHz; impedance of
the designed waveguide probe was calculated, AFR were
obtained for two mixer element designs.

The effect of possible deviations of waveguide element
dimensions and receiving structure parameters from the
optimum values was estimated numerically; AFR of the
designed prototype were calculated considering possible
deviations of dimensions and parameters. It is shown that
departure of the SIS junction area is most critical, deviation
of diameter from the design diameter by 0.1 um results in
the carrier frequency shift by 15—20 GHz.

Stability criteria for mixer elements were used, values
obtained from equations (2) and (3) resulted in considerable
design restrictions.

The ultimate objective of this development is to create a
band-splitting receiver.
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