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A 350-GHz SIS Antipodal Finline Mixer
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Abstract—In this paper, we describe the design and operation
of a 350-GHz finline superconductor–insulator–superconductor
mixer. The mixer is fed by a horn–reflector antenna, and the su-
perconducting circuit is fabricated using planar-circuit technology
and fully integrated tuning. An important feature of the mixer is
that it employs an antipodal finline section, deposited on one side
of a quartz substrate, which transforms the high impedance of
the waveguide ( 300
) to the low impedance of the microstrip
( 20 
). The Nb/Al–oxide/Nb tunnel junction is fabricated at
the same time as the finline circuit. In this paper, we describe the
design procedure in some detail. We pay particular attention to
the synthesis of the finline taper and the electromagnetic design of
the horn–reflector antenna. We have tested a finline mixer over
the frequency range of 330–370 GHz and measured a receiver
noise temperature of 90 K, which remained unchanged over the
whole frequency range. Our investigation has demonstrated that it
is possible to make superconducting finline mixers for frequencies
as high as 350 GHz.

I. INTRODUCTION

SUPERCONDUCTOR–INSULATOR–SUPERCONDUC-
TOR (SIS) MIXERS are the most sensitive coherent

detectors of submillimeter radiation. During the past few years,
they have been used successfully in submillimeter-wave radio
astronomy receivers, giving sensitivities that approach the
quantum limit. Recently, there has been considerable interest
in developing SIS mixers that are easy to fabricate in large
numbers. For example, applications include the 350-GHz
focal-plane imaging array HARP, which is currently being
developed for the James Clerk Maxwell Telescope in Hawaii,
and the large millimeter array (ALMA), which is a major
international project to build a 64-element interferometer,
covering the frequency range of 100–800 GHz, on a high
plateau in Chile. An SIS mixer may be considered suitable for
these types of projects if it satisfies the following requirements:

• an antenna beam with low sidelobes and high aperture ef-
ficiency;

• low-noise temperature over a wide frequency band;
• reliable, repeatable, and easy to produce;
• compatible with planar-circuit technology.

Conventional waveguide mixers have produced excellent per-
formance, but they often rely heavily on mechanical tuning. The
need for complicated machining makes them difficult and ex-
pensive to manufacture. In addition, variations in mechanical
tolerances, from one mixer to another, often leads to variations
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in performance. An alternative design, which became popular
recently, is the quasi-optical mixer [1]. This design avoids the
difficulty of machining mixer blocks by feeding the SIS tunnel
junction from a pair of slot antennas, which are placed at the
back of a hemispherical lens. Although the quasi-optical mixer
has produced impressive noise temperatures, there is some de-
bate as to whether these antennas are as good as horn antennas
for closed-packed imaging arrays or applications where the op-
tical coupling is critical.

In this paper, we investigate an alternative possibility and
describe the design of a 350-GHz antipodal finline mixer,
which satisfies the above requirements [2]. The mixer is fed by
a horn–reflector antenna to ensure low sidelobe levels and high
beam directivity. The mixer chip itself comprises an antipodal
finline, a miniature superconducting microstrip transmission
line, and an SIS Nb–AlOx–Nb tunnel junction. In this way,
both the RF and IF signals eventually propagate in a microstrip
circuit independent of the waveguide modes. In other words,
the back of the finline chip, which carries RF power, does not
need to be surrounded by waveguide once the incoming power
is converted into the microstrip mode. An important advantage
is that additional circuitry, such as microstrip image-separating
circuits, can be elegantly incorporated once the basic mixer has
been designed [3].

A key feature of the arrangement is the use of a
low-impedance antipodal finline to transform the wave-
guide mode into microstrip. The two superconducting films,
which form the finline, are deposited on one side of a quartz
substrate, and are separated by an oxide layer of just 400-nm
thick. Since the thickness of the oxide layer cannot easily
be made much greater than 400 nm, and the width of the
microstrip line cannot be made much narrower than3 m,
the embedding impedance of the device is low. More precisely,
using a microstrip width of m, a dielectric thickness of

nm (dielectric constant of ), and a metalliza-
tion thickness of nm, we obtain a source impedance
of 20 [4]. This impedance level is ideal for SIS mixers since
it allows a relatively large junction area, which is easier to
fabricate. To realize these advantages, the finline taper needs
to be designed carefully. The biggest challenge is matching
the large impedance of the waveguide to the low impedance
of the miniature superconducting microstrip transmission line.
In addition, the capacitance of the tunnel junction needs to be
matched accurately if the mixer is to achieve the desired center
frequency (we no longer have recourse to mechanical tuning).

In this paper, we describe in some detail the design of the
various transmission lines and tuning circuits. We compare var-
ious ways of calculating finline parameters. This study is crit-
ical because of the rather extreme nature of the particular ge-
ometry (only 400 nm of oxide) used. We also consider in some
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Fig. 1. 350-GHz finline mixer with a horn–reflector antenna.

detail how the analysis methods can be combined into synthe-
sizing (through the “optimum taper method”) finline tapers for
SIS mixers. Overall, we show that by calculating the electrical
parameters accurately, we can obtain a good match between the
source and device over a large range of frequencies. Conse-
quently, we can produce a low-noise mixer with a high-quality
antenna and no mechanical tuning.

II. M IXER FEED

A. Horn–Reflector Antenna

The horn–reflector antenna is an offset parabolic reflector,
which is fed by a smooth-wall or a corrugated metallic wave-
guide horn (Fig. 1). This arrangement produces a highly colli-
mated beam without the use of plastic lenses. We have already
reported that it provides an efficient way of coupling, with low
sidelobes and low cross polarization, SIS mixers to a large an-
tenna [5]. An important advantage of this antenna is that it can
be machined directly into two halves of a split aluminum block.
The resulting antenna is light weight and suitable for imaging
arrays.

In a previous publication, we presented a detailed theoretical
analysis of the electrical properties of a horn–reflector antenna,
fed by a corrugated horn [6]. In this study, we used a smooth-
walled conical horn for ease of fabrication and, therefore, we
shall simply quote the final results relevant to a smooth-wall
feed.

Let and be, respectively, the radial and tangential com-
ponents of the electric field in a circular waveguide of ra-
dius . For longitudinal antenna polarization, the fields can be
written as

(1)

(2)

and for transverse polarization by

(3)

(4)

where and are, respectively, the radial and azimuthal coor-
dinates, and is the cutoff wavenumber of the dominant mode.
The fields in the aperture of the horn can be mapped onto the
coordinate system in the projected aperture plane by using a
conformal transformation. Once the Cartesian components of
the field in the projected aperture are known, the principal ra-
diation patterns of the antenna can be calculated. Although var-
ious methods could be used, the Gaussian beam-mode diffrac-
tion method is particularly suitable for submillimeter-wave sys-
tems. For any polarization, the radiated field can be expanded
as a sum of Gaussian–Hermite modes [7]

(5)

with each mode having the form

(6)

where

(7)

and is the Hermite polynomial of order in ; is
a set of functions orthonormal over any plane. The mode
coefficients can be determined by evaluating overlap integrals
over the projected aperture plane

(8)
Since the phase of the field in the projected aperture plane is flat,
the mode coefficients are real. Once the mode coefficients have
been determined, it is straightforward to recompose the field at
any distance from the projected aperture plane.

III. M IXER CHIP

A. General Description

A magnified view of the mixer chip, which shows the finline
taper, the RF choke, the tuning stub, and the IF bond pads, is
shown in Fig. 2. A dimensioned drawing is shown in Fig. 3 for
clarity.

The RF path comprises a transition from waveguide to mod-
ified antipodal finline to microstrip. The fins, which form the
base and the wiring layers of the tunnel junction, are made out
of 300-nm-thick Nb and are separated by 400 nm of SiO. The
whole structure is deposited on one side of 90-m quartz sub-
strate.

Before the fins overlap, the thickness of the SiO is much less
than that of the quartz and, hence, the transmission line behaves
as a unilateral finline on a quartz substrate. The impedance in
this section is several-hundred ohms, which is too high for SIS
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Fig. 2. Magnified photograph of the mixer chip.

Fig. 3. Drawing of the 350-GHz finline chip with real dimensions (drawing is
not to scale).

tunnel junctions. As the fins overlap, the structure behaves like a
parallel-plate waveguide with an effective width equal to that of
the overlap region. When the width becomes large enough such
that fringing effects can be ignored, a transition to microstrip is
performed, which, in turn, is tapered to the required width of
3 m. The electrical properties of the transmission line are now
mainly determined by the thickness of the deposited SiO layer
rather than those of the quartz substrate. The quartz substrate is
made relatively thick (26% of the waveguide height) to ensure
that the structure is robust and easily handled.

B. Calculation of the Finline Parameters

For a variety of reasons, full-wave analysis of the SIS finline
taper using a single theoretical method is very difficult. First,
the lateral dimensions of the finline vary from being comparable
to the waveguide height, through zero, through to a significant
overlap. This means that this method needs to account for both
dispersion and metallization thickness. To avoid this compli-
cation, we designed the waveguide to microstrip transition
by dividing the finline taper into three distinct sections. The
first section consists of the nonoverlapping fins, which can be
considered to be a unilateral finline on a quartz substrate, since
the thickness of the SiO layer is much less than that of the quartz
substrate. The parameters of this section could be calculated
accurately using spectral-domain analysis (SDA), or within an
accuracy of 5% using the much faster transverse resonance
(TR) method. We should emphasize that the method of synthesis

Fig. 4. Arrangements for calculating the electrical parameters of finlines. (a)
Unilateral finline for the TR method. (b) Modified antipodal finline for SDA.
(c) General finline configuration for the mode-matching method.

employed only requires the propagation constant and the cutoff
frequencies to be known and does not need the characteristic
impedance.

Application of the TR method to find the cutoff frequency of
unilateral finlines has been reported for infinitely thin metalliza-
tion [8]. Assuming a finite metallization thickness , the TR
equation for the loaded waveguide (see Fig. 4) can be written

(9)

where is the cutoff wavenumber and is the normalized
susceptance of the gap. Expressions for the normalized suscep-
tance may be derived using an equivalent circuit for a centered
gap unilateral finline, giving the following result:

(10)
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The propagation constantis found from the calculated cutoff
frequency using the equivalent dielectric constant

(11)

where is the cutoff frequency for .
The second section consists of the overlapping fins and was

designed using the SDA method corrected by Wheeler’s approx-
imation for the finite thickness of the metallization [9]. Let
and represent the tangential electric fields across and along
the gap, and let and represent the transverse and longitu-
dinal currents in the fins. The Fourier transform of these quan-
tities are related linearly by the spectral dyadic Greens function
as follows:

(12)
where is the Fourier parameter of the-coordinate
and is the dyadic Green’s function in the Fourier do-
main. It has been shown that the dyadic Green’s function for the
antipodal finline alternates between the Green’s function of the
two layer (bilateral) and three layer (unilateral) configurations,
depending on the parity of [9]. The above matrix equation is
solved as usual [10] using Galerkin’s method, which requires
expanding the electric fields into a set of basis functionsand

(13)

(14)

We recommend Legendre polynomials for the transverse field
and sinusoidal functions for the longitudinal field. This is be-
cause Legendre polynomials yield accurate results for both wide
and narrow gaps, provided that at least the first five terms are
used. It is worthwhile mentioning that we investigated other
popular nonorthogonal basis functions, which work well and
lead to fast converging solutions for microstrip and unilateral
finlines, but gave less accurate results for the antipodal section.
Using the geometry of Fig. 4(b), we, therefore, write

(15)

where

at

We have employed the spectral-domain technique to calculate
the cutoff frequency and propagation constant of the overlap-
ping section of fins, neglecting the effect of the quartz substrate.
This approximation is good provided the overlap width is larger

than the thickness of the 400-nm SiO layer, which separates the
fins. We believe that the influence of the errors caused by this
approximation is not significant considering the tolerances in-
herent in the fabrication of the chip, and that the middle section
boundaries are slightly modified to smoothly join the rigorously
synthesized outer sections.

The third section is a microstrip line, and we have already
treated this geometry rigorously, by employing conformal map-
ping, in a previous paper [4].

C. Mode-Matching Approach

Although the design method described above worked well
and produced two good mixers, it was based on splitting the
finline taper into two sections. This approach, however, tends to
lengthen the taper unnecessarily. A long taper increases the total
IF capacitance of the chip and introduces loss at frequencies
near the superconducting energy gap. It is desirable, therefore,
to develop a single method that is capable of handling the two
finline geometries simultaneously, as a single transmission line.
Toward this end, we have employed a mode-matching method to
calculate the cutoff frequencies of the finline modes for arbitrary
metallization thicknesses [11]. The arrangement used is shown
in Fig. 4(c).

We first write the expressions for the electromagnetic fields
at cutoff in the various regions across the waveguide and then
match those fields at the finline discontinuities. In this way,
we derived an eigenvalue equation, which allows us to find
the cutoff frequencies and expansion coefficients of the finline
fields. It can easily be seen that this method does indeed allow
us to deal with the three main finline configurations without
further difficulties. For example, a gap-centered unilateral
finline is obtained by taking , and
an antipodal finline is obtained for , .
Derivation of the final eigenvalue equation is laborious; hence,
for convenience, we shall only quote the final result. We shall
then illustrate the method by calculating the cutoff frequencies
of a unilateral finline having a metallization thickness of
and compare the results with those obtained by using the
spectral-domain and TR methods.

Assume that at cutoff, the hybrid finline mode be-
comes a purely -type mode with cutoff propagation con-
stant . By equating the transverse components of
fields at the interfaces , , and , we
obtain a set of homogeneous equations, which can be expressed
by the vector equation [12]

(16)

where is an -element vector, which includes the ex-
pansion coefficients , and is an

matrix with components given by

(17)

(18)

(19)
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Fig. 5. Comparison of cutoff wavenumber versus normalized gap width in a
unilateral finline in WR 28 waveguide (a = 7:112, b = 3:556, d = 0:25, and
� = 3:8).

(20)

(21)

The transverse cutoff propagation constants are given by

for (22)

for (23)

in regions 1, 2, 4
in region 3.

(24)

Assuming, for simplicity, that the dielectric substrate is sym-
metrically located so that , then
the function will have a simple analytical expression as fol-
lows:

(25)

where

(26)

(27)

and is the function that relates the coefficients in
region 1 to those in region 4. can be written as follows:

for a unilateral finline (28)

for an antipodal finline (29)

To investigate the reliability of the mode-matching method,
we have calculated the cutoff frequency of a unilateral finline
using a WR28 waveguide, and compared the results with those
obtained using the TR and SDA methods (see Fig. 5). We
assumed a metallization thickness of 0.02 mm, which is small
enough to make comparison with (SDA) meaningful, but large
enough to make the field-matching solution reliable. When

Fig. 6. Comparison of propagation constant versus normalized gap width in
an antipodal finline in WR 28 waveguide (dimensions as in Fig. 5).

using modal matching, we needed a matrix of about 3030,
and it was sufficient to sum over less then 50 terms in order to
calculate the matrix elements. A plot of the cutoff propagation
constant as a function of normalized gap width is shown in
Fig. 6; the same dimensions were used as those in Fig. 5.
Clearly, the three methods agree well with each another and, in
particular, mode matching agrees very well with the rigorous
SDA. Finally, we used the same computed data to calculate the
propagation constant as a function of the gap width, using the
concept of equivalent dielectric constant introduced above. The
agreement between (SDA) and (MM) is excellent for all gap
dimensions, as can be seen in Fig. 6.

D. Taper Synthesis

We designed the finline taper using the “optimum taper
method” [13], which only requires knowledge of the propa-
gation constant and cutoff frequency as a function of lateral
dimensions. This method is based on minimizing the coupling
coefficient between the incident and reflected waves, in the
-direction, along a quasi-TEM transmission line. The end

product is a minimum-length high-pass section, which gives
a return loss lower than a specified design value at fre-
quencies above a predetermined frequency. The reflection
coefficient of a TEM taper of length can be approximated by

(30)

where , , is the cou-
pling distribution function [13] and is a normalization con-
stant so that

(31)

which yields [14]

(32)
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Here, and are the cutoff frequencies at the two ends of the
taper. For a given distribution , we can then calculate the
required length of taper (or the value of), which yields a return
loss that is less than the specified design value . Moreover,
the distribution that gives the minimum value offor a given
length is the Dolph–Chebyshev polynomial [13]. Synthesis of
the finline taper then proceeds as follows.

1) Determine the initial and final gaps of the finline section
and calculate the corresponding cutoff frequencies
.

2) Choose a distribution function , which gives the cou-
pling along the taper in thespace, which is related to the
variable along the taper by .
Calculate the normalization constantand use (30) to
determine the value of for the specified value of .

3) Use the relation between the coupling coefficient and
cutoff frequency for both the unilateral and antipodal
configurations to obtain the cutoff frequency distribution

. This relation can be written as follows:

4) Calculate the corresponding finline gap from the known
cutoff frequency using the TR approach or other method
(e.g., SDA) and then synthesize the taper using

(33)

The design of the microstrip taper was also based on the above
method, but in this case, an analytical expression could be de-
rived to compute the characteristic impedanceas a function
of the longitudinal coordinate, which can be written [15]

(34)
This approach is convenient since the characteristic impedance
of a microstrip line is unambiguously defined and can be calcu-
lated accurately using the conformal mapping method [4].

We employed the above approach to design the wave-
guide-to-microstrip transition and found that a taper length of
two wavelengths is sufficient to match the 300impedance
of the loaded waveguide to the 15.5 impedance seen by
the junction. We verified the integrity of the design method
experimentally by performing scale-model measurements at
5 GHz. The measured return loss of a back-to-back finline taper
was better than 15 dB over most of the waveguide band.

IV. DEVICE FABRICATION

The SIS tunnel junction was fabricated at the University of
Cologne, Cologne, Germany, from an Nb–AlOx–Nb trilayer at
the same time as the rest of the finline chip. The following four
masks were used during fabrication:

Fig. 7. Lower half of the mixer split block showing the horn, finline chip, and
coplanar IF board.

1) base electrode of the finline, which also forms the ground
plane of the microstrip;

2) definition of the tunnel junction and a 200-nm layer of
SiO;

3) second 200-nm layer of SiO;
4) RF choke, tuning stub, and top finline electrode, which

also forms the microstrip line.
The junction used in these experiments had a normal resis-
tance of 25 , a current density of 14 000 A/cm, and an
area of 0.6 m . The specific capacitance of the junction
was 75 fF/ m , giving a value of . It should be
emphasized that the unusually small device area and high
current density are not essential features of the finline design.
It was noticeable that the device had stronger than usual pair
tunneling at zero magnetic field and its– characteristic was
prone to flux trapping. The high current density of the device
may have been a contributing factor. We were nevertheless able
to suppress the Josephson tunneling, in the usual way, by the
application of a magnetic field parallel to the junction.

V. MIXER ASSEMBLY

The chip and IF assembly are shown in Fig. 7. The quartz
substrate, which carries the superconducting circuit, is located
in the -plane of a waveguide ( , m) by
machining a groove in the sidewall of a split block. The groove
was made 110 m deep and 110m wide in order to accom-
modate the substrate and serrated choke, respectively. The ser-
rated choke was included in order to cut off high-order modes
in the groove. DC bias was supplied to the junction by a bias tee
and the magnetic field required to suppress the Josephson ef-
fect was supplied by a superconducting coil concentric with the
waveguide. We used 2000 turns of 70-m-diameter Nb wire on
a former having a diameter of 7.4 mm. With this arrangement,
we swept through several Josephson nulls on increasing the coil
current from 0 to 300 mA. The IF output, at 3.5–4.5 GHz, was
taken from the mixer chip by bonding 50-m wires to Palladium
pads and connecting them to a ground-backed coplanar trans-
mission line, which led to SMA connectors. The capacitance of
the junction was tuned out using an inductive microstrip, termi-
nated by a short-circuit radial stub [16]. The stub could be laid
out either as part of the microstrip line (as in Fig. 3) or at right
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Fig. 8. Far-field copolar and cross-polar radiation patterns in the longitudinal
and transverse directions, respectively.

Fig. 9. IF power as a function of bias voltage for hot (300 K) and cold (77 K)
loads with a 352-GHz local oscillator. The dcI-V curve is also shown.

angle to it. In the former case, the stub could also serve as part
of the RF choke circuit.

VI. EXPERIMENTAL RESULTS

First, we measured the radiation patterns of the conical
horn–reflector antenna by using the mixer as a direct detector
[17]. A varactor-multiplied Gunn oscillator was used in con-
junction with a corrugated horn antenna as the source. The
Dewar, containing the mixer, was placed on a rotary table,
and the projected aperture plane positioned on the axis of
rotation. Measurements were made in two linear polarizations.
An example is presented in Fig. 8, which shows the copolar
radiation pattern in the longitudinal plane [18]. Also included
is the cross-polar radiation pattern in the transverse plane. The
solid lines represent the theoretical radiation patterns computed
using Gaussian–Hermite modes. The copolar radiation patterns
show excellent agreement with theory around the main beam,
although the poor optical arrangement limited the measurement
of the far-out sidelobes. The cross-polar contribution appears
to be at about the correct level.

The noise temperature was measured by injecting local-oscil-
lator power into the signal path by means of a partially reflecting
Mylar beam splitter. The mixer was cooled to 4.6 K, and a coil
current of 88 mA was used to suppress the Josephson effects.
Fig. 9 shows the IF response of the mixer at 352 GHz, which

gives a noise temperature of 903 K. This value was typical
for the frequency range of 330–370 GHz, although the perfor-
mance deteriorated slightly at the edges of the band due to a lack
of local-oscillator power.

Although a noise temperature of 90 K is higher than can be
achieved at these frequencies, little effort was made to optimize
the test arrangement, and more work is required to identify the
sources of noise. For instance, optimizing the optical arrange-
ment and IF amplifier should yield lower noise temperatures in
the future. Initial assessment suggests that the noise contribu-
tions referenced to the input of the receiver are 56 K due to RF
coupling losses, 16 K due to the IF amplifier, and 18 K due to
the mixer[19].

VII. CONCLUSION

We have designed and tested an antipodal horn–reflector fin-
line mixer at 350 GHz. We measured the radiation patterns of
the horn–reflector antenna and showed that they agree well with
theory. Although the cross-polar components were better than

18 dB, our intention is to corrugate the conical horn, as in
previous work, and, hence, reduce the sidelobe and cross-polar
levels further. We measured a receiver noise temperature of 90 K
across the whole of the 330–370-GHz frequency range, and we
fully expect to be able to reduce the noise temperature in future
tests.

Our study has shown that it is possible to produce fixed-tuned
finline SIS mixers for frequencies as high as 350 GHz. These
mixers have no mechanical tuning and are easy to fabricate. Ease
of fabrication is important when a large number of mixers have
to be produced, e.g., for focal-plane imaging arrays or multiele-
ment interferometers. A key feature of our design is that the fin-
line geometry allows complicated circuits requiring large areas
of the substrate to be produced. We are currently considering
the possibility of manufacturing an image-reject mixer, where
the signal enters through one end of a piece of waveguide and
the local oscillator through the other.
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