IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 23, NO. 3, JUNE 2013

1400705

Development of a Dual Polarization SIS Mixer With
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Abstract—A multipixel array equipped with dual-polarization
superconductor-insulator-superconductor junction mixers at approximately 350 GHz is considered to improve the efficiency and
survey speed of a telescope. This study develops a compact mixer
with a planar orthomode transducer as a key component. Signals
coming from a circular waveguide are separated into two polarizations via orthogonal waveguide probes, and then transmitted
to the junctions through the tuning circuit. To suppress resonance, metallic blocks confine the RF signals within the circular
waveguide, and a 2-μm-thick silicon nitride membrane, on which
all devices were implemented, was suspended across the circular
waveguide. The orthomode transducer, simulated with a threedimensional electromagnetic simulator, has a cross-polarization
of less than −20 dB between 306 and 367 GHz. The IF circuit
consists of a low pass filter, coplanar waveguides, and a transition
to coaxial. The return loss of the IF circuit is less than −20 dB
up to 16 GHz from both simulations and measurements. The
superconductor-insulator-superconductor junction mixers have
been fabricated with quality factor (Rsg /Rn ) of 8 and the
double-side-band receiver noise temperature Trx is approximately
120 K between 320 and 360 GHz.
Index Terms—Dual polarization, planar orthomode transducer,
SIS junction mixer.

I. I NTRODUCTION

T

HERE ARE several advantages of using a multi-pixel receiver for a telescope. Multiple fields of view can increase
the survey speed. With a multi-beam receiver, it is possible
to perform on-on observations during beam switching. For
VLBI observations, multi-beam receivers can provide phase
referencing to achieve good fringe phase accuracy [1]–[3]. Dual
polarization observations increase sensitivity and provide more
polarization information. To implement this idea, this study
develops a compact superconductor-insulator-superconductor
(SIS) tunnel junction mixer with an integrated orthomode
transducer (OMT). A planar OMT couples the radiation of
orthogonal polarizations in the waveguide onto microstrip lines.
A membrane, used to support the probes across the waveguide,
prevents energy from leaking out of the substrate channel [4].
Choke structures and a ground pad confine the RF within the
waveguide, suppressing resonance caused by the gap within the
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split block. The OMT designs for a dual polarization SIS mixer
receiver at approximately 350 GHz was simulated with a 3-D
EM simulator (HFSS) [5].
This study describes the implementation of dual polarization
SIS mixers with the planar OMT around 350 GHz. To realize
the choke structures, magnetic field, and IF signal transmission,
the designs of the mixer block and the IF transmission line
become rather complex. Membrane processing is also a challenge while keeping the junction alive. These techniques lend
themselves to a large-format detector array design.

II. D ESIGN
A. Planar OMT Design and Simulation
OMTs are widely applied to separate two polarizations.
Planar OMTs have been integrated with transition-edge sensors (TES) in polarimeters [6]–[8]. The proposed planar OMT
consists of two rectangular waveguide probes suspended on a
2 μm silicon nitride membrane within a circular waveguide.
This waveguide terminates in a back-short approximately one
quarter wavelength behind the probes. Each probe couples the
radiation of orthogonal TE11 modes from the circular waveguide to junctions through the microstrip tuning circuit. The
circular waveguide of 0.655 mm in diameter has a TE11 mode
cut-off frequency of approximately 272 GHz.
The study simulates a compact unit of a large-format detector
array with the substrate extended to the edges of the split block.
One challenge for this structure is to confine the RF signal
within the circular waveguide to avoid resonances. Several
approaches were adopted to solve this problem as described
below. A suspended membrane, used to support the probes
and the RF chokes, reduces the opening in the waveguide wall
and increases the cut-off frequency of the waveguide modes
along the IF channel above the RF band. Six-section RF chokes
provide an RF ground to the feed point of the probe. Metallic
choke structures on both the top and bottom parts of the split
blocks fill the gap around the waveguide. The gaps of 10 μm
above and below the membrane have metal boundaries defined
by the choke structure. The 20 μm gap is to accommodate
machining tolerances in the split block and possible wrinkling
in the silicon nitride membrane (Fig. 1). A 200 μm-thick Si
substrate is present outside these regions as a support base.
The OMT probe is essentially a rectangular probe and the
feed point is defined between the apex of the probe and the
ground presented by the RF choke. Previous research presents
this waveguide probe or waveguide to microstrip transition
design [4]. In the simulations, a lumped port is set up at
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Fig. 3. Waveguide probe and impedance transformer for a SIS junction tuned
with end-loaded scheme. All dimensions are given in μm.

Fig. 1. Top view of the OMT in a circular waveguide. Rectangular probes are
implemented on a 2-μm-thick suspended membrane. Section A-A (similar for
B-B and C-C ) shows the cross-section of the membrane suspending between
the gap of metallic choke structures.

connected twin junction (PCTJ) approach [11]. The proposed
design adopts the end-loaded scheme, which consists of a 3section series transformer. The designs were simulated using
quantum mixer theory [12] and an analytic model for thinfilm superconducting microstrip lines [13]. The simulations
assumed the following characteristics of the Nb/Al − AlOx /Nb
tunnel junctions: normal state resistance Rn of 16.3 Ω, current
density Jc of 10 kA/cm2 , junction area of 1.2 μm2 , and junction
capacitance of 108 fF. The Nb/SiO/Nb microstrip lines with
a 2500 Å thick insulating layer functioned as tuning circuits.
Fig. 3 shows the final design with tuning circuit.
C. IF Transmission Line

Fig. 2. Simulation results of OMT. Triangles are the cross-polarization isolation, squares are the return loss, and circles are transmission.

where the feed point is. The probe design was optimized with
a 3-D EM simulator to obtain the feed point impedance at
approximately 50 Ω. In Fig. 2, the simulation results show
the co-polar coupling is over 90% and the cross polarization
is less than −20 dB over 306–367 GHz. A high impedance
line between the probe and the ground serves as the DC bias
return. The tuning circuit transmits RF and LO signals from the
feed point to the SIS junction. Simulations show that 2-probe
and 4-probe designs can have similar co-polarization coupling,
but the 4-probe design has a substantially improved cross
polarization coupling (less than −40 dB). This may be because
of its symmetrical configuration. It is difficult to combine
the signals of the same polarization from the 4-probe design
without resorting to some high-frequency power combining
schemes.
B. Tuning Circuits
There are generally three tuning schemes in SIS mixer
designs to cancel the junction capacitance: the shunt inductance type [9], the end-loaded type [10], and the parallel-

The proposed design uses a co-planar waveguide and a transition to coaxial to transmit the IF signals. The down-converted
signal propagates from the mixer across the RF choke and a
spring contact, and is then connected to the IF transmission
line. The transmission line consists of a 380 μm thick alumina
substrate, with metal approximately 80 μm thick on both sides.
Implementing vias along the edges of the outer conductors of
the grounded CPW reduces the resonances induced within the
circuit. For the CPW-to-coaxial transition, the center conductor
of the SMA connector, which is located off-axis in the bore
of the alumina circuit, is ribbon-bonded to CPW [14], [15].
Fig. 4 shows the detailed design of the IF transmission line.
The dimensions of the CPW and transitions are tuned with
3-D EM simulations. This simulation model replaces the BeCu spring contact with a glass bead with stress relief contact
as the CPW input. The CPW-to-coaxial transition connects to
a coaxial port. The measurement setup uses ribbon bonding
between the stress relief contact and the circuit, and at the CPWto-coaxial transition (Fig. 5).
D. Mixer Block
To increase the compactness of each unit in a multi-pixel
array, an electrical magnet coil is embedded in the mixer block.
The iron arms conduct magnetic fields from the coil to the
peaks close to the mixer chip. Metallic choke structures are
also machined on the block. The IF transmission lines were
mounted on the back piece and the mixer chip was placed on
the horn piece during assembling. Fig. 6 shows pictures of the
mixer block assembly.
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Fig. 7. Mixers fabrication. (a) Dual polarization SIS mixers fabricated on a
2-inch silicon wafer before backside etch. (b) Wafer backside after KOH wet
etch in a Teflon jig. (c) Orthogonal probes, tuning circuits, and RF chokes on
the suspending membrane after backside silicon is etched.

Fig. 4. IF transmission line. (a) Front-side view, vias of 80 μm diameter
around the CPW are designed to reduce the resonances. At the feed point of the
SMA connector, an off-axis design [14] is used for the transition between CPW
and coaxial. (b) Back-side view, metallization is recessed around the coaxial
feed thru. All dimensions are given in mm.

Fig. 5. Test block of IF transmission line. The center conductor of SMA
connector is ribbon bonded to the CPW as port 1 and the port 2 is connected to
a K connector with a stress relief sliding contact.

the wafer was covered with a 2 μm-thick silicon nitride film
as the membrane. An additional 0.3 μm-thick silicon oxide
was deposited by plasma enhanced chemical vapor deposition
(PECVD). The back side was coated with a 0.5 μm-thick silicon
nitride film as a wet etching mask. A metallization process
was then used to define the ground, and RF chokes (RFCs)
and an oxidation process was used to build the SIS tri-layer
structures. Junctions were defined by etching the Nb on the trilayer structure and subsequently depositing the silicon oxide
for insulation between the metallization of the RF chokes and
tuning circuits. After RF plasma cleaning of the surface, Nb was
deposited again for wiring the junctions, the tuning circuits, and
probes. Finally, 300 nm gold was deposited on top for IF stubs
and grounds [16].
For the backside process, IR was used as the light source
from the bottom of the mask aligner for the membrane area
definition on the backside. Before etching the silicon, reactive
ion etching (RIE) was used to remove the silicon nitride of the
membrane area with mixed gases of SF6 and Ar. The orientation
wet etching with KOH etchant [17] trimmed the silicon until
the silicon nitride membrane was exposed. The silicon nitride
membrane on wafer front would be the etch stop. Fig. 7 shows
the mixers fabricated on a 2-in silicon wafer, wafer backside
after KOH wet etch, and the zoom-in figure of the waveguide
probes, tuning circuits, and RFCs on the suspending membrane.

IV. R ESULTS
Fig. 6. Mixer block assembly. (a) Back piece assembly, electrical magnet coil
was embedded in the back piece and covered with the attached pieces. The
dimensions are 30 mm × 30 mm (width × length). (b) Mixer chip on the horn
piece.

III. FABRICATION
The SIS mixers were fabricated on a 200 μm-thick, doubleside polished, 2-in in diameter silicon wafer. The front side of

A. IF Transmission Line Performance
Fig. 8 shows the performances of the IF transmission lines
from simulations and measurements. In this simulation, the
return loss ranges from less than −20 dB to 16 GHz. Measurements in the test block indicate that the performance is better
than the simulation and the return loss ranges from less than
−20 dB up to 18 GHz.
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Fig. 8. Comparison of IF transmission performance between simulation and
measurement.

Fig. 10. Comparison of receiver noise temperature performance between
simulation (SSB) and RF measurements.

The coupling was estimated at approximately −8.7 dB after
measuring G∗_RF Gm_DSB and using Gm_DSB of 4.1 dB from
simulations.
V. C ONCLUSION

Fig. 9. I–V and P –V curves of the junction at LO frequency 360 GHz taken
during the hot/cold load experiment, while hot load is at ambient temperature
(295 K) and cold load is cooled by liquid nitrogen (77 K). The I–V is measured
with a 2-wire method with a series resistance estimated around 6 Ω.

B. Junction Performance
Fig. 9 shows the I–V and P–V characteristics of a junction on
the membrane. The normal state resistance (Rn ) of the junction
is 24 Ω, Jc is approximately 7.2 kA/cm2 , and the quality factor
(Rsg /Rn ) is approximately 8 where Rsg is the sub-gap junction
resistance.
C. Receiver Performance
The receiver noise measurement setup and hot/cold load
experiment are shown in [16]. The double-side-band (DSB)
receiver noise temperature was measured at approximately
120 K between 320 GHz and 360 GHz. Fig. 10 shows the
performances of one dual polarization mixer and the simulation
results. This simulation calculates the mixer noise at the IF
port, and then refers to either the upper sideband (USB) or
the lower sideband (LSB) to calculate the single sideband
(SSB) Trx . When the conversion loss for the USB and LSB are
similar, the double sideband (DSB) receiver noise temperature
Trx_DSB can be inferred as Trx_SSB /2. We have done some
receiver noise break down at some frequencies. For example,
at 345 GHz, the mixer (DP-1-11-C5R2-P0) has a receiver
noise temperature of 102 K. The noise caused by the optical
coupling TRF was estimated to be approximately 84 K [18].

This study presents dual-polarization SIS junction mixers
integrated with planar OMTs at 350 GHz band. This study
also designs a CPW IF transmission line with a transition to
coaxial. The return loss of the IF transmission line ranged
from less than −20 dB up to 18 GHz. SIS junctions with
quality factor of 8 were successfully fabricated on a silicon
nitride membrane measuring 2 μm thick. Using the example
of the submillimeter array (SMA), which has an effective focal
ratio (f/D) of 14 from the secondary mirror, at 350 GHz the
optimum spacing to achieve the best efficiency for each pixel is
2.24λ∗ f /D = 26.8 mm. Based on the field of view of the SMA
and observations of other frequency bands, we are considering
a 7-pixel array to begin with.
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