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Abstract—We present the design and results of characteriza-
tion of a new sideband separating (2SB) mixer for 800-950 GHz,
based on superconductor-insulator-superconductor (SIS) junc-
tions. This is the first waveguide 2SB SIS mixer demonstrated at
such a high frequency. The design is following the classical quadra-
ture hybrid architecture, meanwhile additional attention was put
on the reduction of reflections in the RF structure in order to
minimize the RF imbalance, to achieve a high image rejection ratio
(IRR). The RF waveguide block was manufactured by micromilling
and populated by single-ended SIS mixers developed earlier for
upgrade of the CHAMP+ high-band array on the APEX telescope.
These SIS mixers have double-sideband (DSB) noise temperatures
from 210 to 400 K. The assembled 2SB mixer yields a SSB noise
temperature from 450 to 900 K, with an IRR above 15 dB in 95%
of the band. Comparing the DSB and the SSB sensitivities, we
find that the waveguide losses are as low as expected and do not
exceed 0.6 dB. The presented mixer is a prototype for use in a 2SB
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dual polarization receiver planned for deployment on the APEX
telescope.

Index Terms—Image rejection ratio (IRR), sideband separating
(2SB) mixers, submillimeter wave technology, superconductor—
insulator-superconductor (SIS) junctions, terahertz receivers.

I. INTRODUCTION

ROUND-BASED observations of astronomical objects
G at very high radio frequencies, say a few hundred gi-
gahertz, get progressively more and more compromised with
rising frequency due to absorption in the atmosphere. Because
a large part of this absorption can be attributed to water vapor,
telescopes intended for this part of the spectrum are situated
in high and especially dry locations. However, with frequencies
approaching 1 THz, even in these places the limiting factor tends
to be the atmosphere. Apart from taking the observations to
space or stratospheric platforms, which each have severe limita-
tions by themselves, one mitigating technology that has proven
its worth at slightly lower frequencies is the employment of
sideband-separating (2SB) receivers. Up to recently, this type of
receiver was deployed in actual observatories for frequencies up
to about 500 GHz [1], while the highest bands in ground-based
observatories are still populated with double-sideband (DSB)
receivers [2]. In this article, we extend the range of viable
sideband-separating receivers to the 800950 GHz band, which
corresponds to the highest atmospheric window where practical
observations can be performed.

Using sideband-separating receivers instead of DSB ones al-
lows us to reduce the atmospheric noise contribution for spectral
line sources by, ideally, a factor of two, irrespective of the actual
atmospheric transparency. In practice, however, the total system
noise temperature includes other contributions like mixer noise
and intermediate frequency (IF) amplifier noise. These make a
factor of two improvement in system noise temperature unob-
tainable. In addition, the actual improvement will strongly de-
pend on the atmospheric transparency. From historical weather
conditions at the APEX [3] and ALMA [4] sites [5], the zenith
atmospheric transmission for the 800-950 GHz window can be
estimated between 0.2 and 0.6. The atmospheric transparency
in these locations is within this range up to 40% of the available
time [6]. The upper limit corresponds to realistic good weather
conditions, while the bottom is the limit at which the atmospheric
opacity becomes too high for reasonable observations in this
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band. Within this range, the ratio of the 2SB and DSB sensi-
tivities for spectral line observations will on average be around
1.3 for an effective atmospheric temperature of 260 K, and a
state-of-the-art DSB mixer noise temperature of about 150 K
[7], [8]. This number gives sufficient motivation to develop
2SB receivers for this frequency range. Note that this gain in
sensitivity is only valid for spectral line observations, in both
single dish and interferometer modes. However, for continuum
sources this number is reduced by another factor of V2 in case
of an interferometer and 2 for a single dish telescope [9], [10].

Building 2SB mixers for these high frequencies is a challeng-
ing task due to the required miniaturization of the waveguide
structures. A large step forward was the demonstration of a
balanced SIS 787-950 GHz mixer [11]. Nevertheless, up to
now, the highest frequency band covered by a 2SB waveguide
receiver based on SIS junctions was the atmospheric window of
600-720 GHz [12]. The mixer described in this reference is
installed in the SEPIA660 receiver on APEX, and was commis-
sioned in November 2018. It demonstrates very high image re-
jectionratio (IRR), improved sensitivity and extended frequency
range allowing ground-based observations of unprecedented
quality [13]. The success of SEPIA660 encouraged us to develop
a waveguide 2SB mixer for the 800-950 GHz band, which
constitutes the next atmospheric window in the sub-mm region.
The first 2SB SIS mixer of this design has been manufactured
and characterized. In this article, we describe details of the de-
sign and subsequently show measurement data from the testing
campaign.

II. MIXER DESIGN

For the 2SB mixer, we chose a modular design concept very
similar to the one for the 600—720 GHz band [10], [14]. In this
concept, the critical components like RF hybrid block, RF horn,
local oscillator (LO) horn, and SIS holders “back pieces” are
realized as independent units, which can be easily exchanged and
tested individually. This allows convenient DSB characterization
of the individual SIS devices for matching purposes. A photo of
the assembled 2SB mixer block is shown in Fig. 1. Both LO and
RF horns have a diagonal spline design described below.

A. RF Waveguide Block

In this section, we present the geometrical design of the key
components of the waveguide structure, together with results
of numerical simulations. All simulations have been carried
out with CST Microwave Studio. The waveguide structure is
based on a classical quadrature hybrid architecture, integrated
with two LO couplers and an LO splitter into a classical E-
plane waveguide split-block [14], shown in Fig. 2. To cover the
800-950 GHz frequency band, a 304 x 152 um waveguide was
chosen. These dimensions locate the operational band in the
high-frequency end of the one-octave single-mode waveguide
band in order to minimize waveguide losses. In addition, this
ensures compatibility with our mixer back pieces developed
earlier for the CHAMP+ instrument [15].

To construct a high performance 2SB receiver, one should
pay particular attention to the phase and amplitude balance of

Fig. 1. Photograph of the modular 2SB mixer block. The RF input horn is on
the right, the LO horn is on the back opposite to it (not clearly visible). One of
back pieces containing one SIS device is visible near the center, with a round
GPO connector (Corning Inc., NY, USA) for the IF connection.

: 1

Fig. 2. Photograph of the hybrid block showing the RF waveguide structure.
The large white arrows show the inputs for the LO and RF signals. The sign “SIS”
indicates the location of the SIS junctions after the backpieces are installed. The
scale at the bottom of the photo has a pitch of 1 mm.

the entire RF structure, since RF imbalance is the key parameter
limiting the IRR. From our previous work on 2SB SIS mixers
for the 650 GHz band [10], [16], [17], we have learned that
the total RF balance is strongly influenced by reflections within
the RF structure, much more so than by the pure amplitude and
phase balance of the RF hybrid itself. Therefore, in addition to
the hybrid balance, we have focused on 1) minimizing the hy-
brid input/output reflections, 2) maximizing the hybrid isolation
(directivity), and 3) reducing the RF load reflection. The LO
coupler, which is also in the signal path was optimized for low
reflection as well.

The waveguides are terminated by large absorber blocks
with long waveguides leading up to them (visible in Fig. 2 as
meander-shaped structures). The transmission loss of the long
waveguides damps out the residual reflections due to mismatches
at the waveguide-absorber interfaces. Optionally, these parts of
the structure can be coated by aresistive film (e.g., by titanium) to
make them even more lossy. Since no strong improvement was
found in the past, this was not applied to the mixer presented
here.
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Sw

Fig. 3. Layout of the quadrature hybrid (top picture), LO coupler (middle
picture) and the LO splitter (bottom picture). The dimensions are shown in
Table I. The numbers in circles denote the port numbers as referred to in the
text.

TABLE I
DIMENSIONS OF KEY WAVEGUIDE STRUCTURES SHOWN IN FIG. 3

Hybrid LO coupler LO split

Dimension  pum | Dimension pum | Dimension  pm
b 152 b 152 b 152
s 70 s 70 bl 129
pl 118 pl 48 w0 152

p2 228 gl 55 wl 76
g0 64 swo 202 w2 127
gl 69 sl 16 Eo 159
g2 55 ri 30 El 121
0 8 0 8 E2 129

ri 30

1) Quadrature Hybrid: The quadrature hybrid (see Fig. 3,
top) is a typical five-branch coupler. As mentioned above, the
main design goals were the reduction of the input reflection
(S11) and the isolation (here labeled So1; the port numbers are
indicated in the figure). This was done by optimizing the relevant
dimensions (mainly slot widths and positions) while keeping the
phase and amplitude balance within reasonable limits (about
0.5° and 0.5 dB, respectively).

Fig. 4 (top plot) shows a representative set of simulated
S-parameters. All other S-parameters are identical to one of
these four because of symmetry. The gain and phase balance
and the total power transmission are presented in the bottom
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Fig. 4. S-parameters of the simulated hybrid and the hybrid’s contribution

to the IRR (top plot). Because of symmetry, each of the other S-parameters is
identical to one of the four plotted ones. The vertical lines at 800 and 950 GHz
indicate the band edges. The bottom plot shows the gain balance |S31[%/|S41|2,
phase error arg(S31)—arg(S41)-90° and the total power throughput “gain sum”
[S3112 + |Sa1]?.

plot of the same figure. The crucial input reflection |S;;|? and
isolation | Sz |? are both below —24 dB within the band. At the
same time, the gain and phase errors are within +0.4 dB and
+0.4°, respectively. The RF hybrid’s contribution to the IRR
can be derived from the S-parameters using

|Sa1 + 551

IRR = 20 - lOglO m

which gives the IRR when all the other components of entire 2SB
mixer (including IF hybrid, etc.) are perfect. This is shown on
the top plot of Fig. 4 by the curve labeled “IRR.” The worst-case
point in the band is about —33 dB, which sets the upper limit
for the overall image rejection attainable with this design.

2) LO Couplers: The LO is coupled in with a two-branch
directional coupler, shown schematically in Fig. 3, middle panel.
The design is a scaled version of the LO coupler for the 650 GHz
band described in [16]. The simulated S-parameters (not shown
here) are virtually identical to ones described there. The coupling
factoris set at alevel of —13 dB to minimize insertion loss (about
0.25 dB). With the power provided by modern commercial
sources (typically several tenths of a milliwatt in this range), this
is still more than adequate to pump the SIS mixers optimally.
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3) LO Splitter: The LO signal is equally divided between the
SIS junctions by an E-plane T-splitter with matching sections
in all three branches, as shown in Fig. 3, bottom panel. This
splitter is a nondissipative three-port device. As a result, it has
both a high reflection in its output ports (S22 and S33) and
low isolation between them (S23 and S32). Both impact the LO
standing waves in about the same way, therefore, they are chosen
to be about equal (= — 6 dB). The input reflection of the LO
input port (S11) was designed to be below — 30 dB to avoid
problems with standing waves between the RF mixer block and
the LO itself.

4) Waveguide Losses: The waveguide length between the RF
horn and the SIS junctions (see Fig. 2) is about 12 mm and the
waveguide losses should be taken into account, because they
directly decrease the 2SB mixer sensitivity. To minimize the
resistive losses, a 304 x 152 pm waveguide was selected, which
is close to the maximum possible size for this frequency range
while keeping them single-moded. Losses can be estimated
using the theory described in [18], but at these frequencies
the anomalous skin effect, which happens in metals at low
temperature for high-frequency signals [19], [20], should be
taken into account. This effect becomes important when the
electron mean free path becomes large compared to the classical
skin depth, i.e., when standard skin depth model is not longer
valid. In case of Cu with a conductivity o390k = 5.85 - 107 S/m
at 300 K and RRR = 100, and signals at 870 GHz, the ratio of
the mean free path [ to the classical skin depth o is about 0.55
(ZBOOK = 38.5 nm, (53001{ =70.5 IlIIl) at 300 K [19] and 550 at
4 K (I4g = 3.85 pm, 04 = 7 nm). Consequently, at cryogenic
temperatures Cu is deeply in the anomalous skin effect regime
in this frequency range, and even close to it at room temperature.
Calculation of the loss using the approach from [19], [20] gives
49.5 dB/m at 870 GHz for our waveguide at 4 K. As a result, the
loss level for the length of 12 mm is 0.6 dB. This gives about
10% degradation in sensitivity, but keep it profitable to use 2SB
mixer instead of DSB one.

The RF blocks were manufactured out of CuTeP alloy (ASTM
C14500), which at room temperature has an electrical conduc-
tivity similar to that of copper. In the past, we made trials
with straight 310 x 145 pm waveguide extension blocks to
measure the resistive loss at around 650 GHz at 4.2 K for
different materials. The losses were determined by comparing
SIS mixer noise temperatures with and without extension blocks.
The results demonstrate similar loss levels of about 50-60 dB/m
for both oxygen free Cu (ASTM C10200) and CuTeP alloy [10].
In addition, this number is in good agreement with theoretical
calculations, giving 59 dB/m [10], which allows to apply calcu-
lations made for pure Cu to the CuTeP alloy.

B. RF and LO Feedhorns

We have designed a smooth-walled spline diagonal split-block
horn antenna, as pioneered in [21], to be interfaced to the mixer
block. The wall shape is defined by a set of ten nodes, where
each node is connected to its nearest neighbors by a straight
line (linear spline), as shown in Fig. 5. The nodes have a pair of
coordinates, labeled as a, and a,, which are the positions along
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Fig. 5. One-dimenional (1-D) E-plane profile of the smooth-wall diagonal
horn antenna. The wall shape is defined by the set of straight lines that connect
each node (dots labeled p;).

TABLE I
PARAMETERS DEFINING THE 1-D WALL PROFILE OF THE HORN ANTENNA

Parameter | a,(mm) | a,(mm)
P1 1.40 0.386
P2 2.24 0.599
p3 2.52 0.649
P4 2.86 0.688
5 3.22 0.703
P6 4.20 0.710
p7 4.76 0.712
P8 5.09 0.742
P9 5.65 0.817
P10 7.08 1.089

the beam propagation axis and the perpendicular axis in the E
plane, respectively. The coordinates are listed in Table II. The
aperture and length of the horn are defined by the coordinates
of the node pig, giving an axial length of 7.08 mm and an
aperture of 2.178 mm. The horn is fed using a rectangular
(0.304 x 0.125 mm) waveguide.

Fig. 6 shows the simulated far-field radiation beam pattern
of the horn at three key frequencies, 780, 865, and 950 GHz.
The simulation shows a very good symmetry between E and H
planes down to levels of about — 35 dB. This means that the
horn will produce a beam with good circular shape or, equiva-
lently, low ellipticity. The sidelobes in both E and H planes are
below —40 dB for all the frequencies. Cross-polar levels are
below —20 dB at all the frequencies, showing its best perfor-
mance at 865 GHz. Based on our simulation, we have calculated
the beam parameters of this smooth-walled diagonal horn, listed
in Table III.

C. SIS Mixers

For this prototype 2SB mixer, we have used SIS mixers
devices based on high current density Nb/AIN/NbN tunnel junc-
tions (J. = 30kA/cm?) with a microstrip line constructed of a
300 nm thick NbTiN ground plane and a 500-nm-thick Al top
layer. The dielectric between the microstrip layers is a 250-nm
SiO, film. On top of the NbTiN bottom layer is deposited a
Nb layer, which forms the bottom electrode of the SIS junction,
while the NbN top electrode is contacting the Al top layer. More
details of the SIS mixer design, fabrication, and characteristics
can be found in [15]. A twin SIS junction design was used in
this design to provide wideband RF response. The DSB noise
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Fig.6. Simulation results of the far-field radiation beam pattern of the diagonal
horn for the bottom, middle, and top of the band. The Co-polar E-field is plotted
along cuts in the E and H symmetry planes (solid and dashed lines, respectively),
while the cross-polar field is plotted along the diagonal D plane (dotted line),
where it is expected to be strongest. The latter is normalized to the maximum
copolar signal at the origin.

TABLE III
CALCULATED BEAM PARAMETERS

Freq (GHz) | wo(mm) | Phase Center (mm) | Beam width (°)
780 0.5105 -1.584 13.74
865 0.5143 -0.584 12.29
950 0.5289 -1.484 10.89

temperature of the mixers used to populate our 2SB block is
varying from 210 to about 350 K over the band.

D. IF Chain

The two outputs of the RF block each deliver a 4-12 GHz IF
signal. They are connected by phase-matched semirigid cables to

IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 9, NO. 6, NOVEMBER 2019

77 K load “<aes

Synt.
10-14 GHz
LNNRRNRRNI SR
LO1/LO2 Cryostat 4.2K
Fig. 7. Scheme of the setup for testing of the 2SB mixer for 850 GHz.

the inputs of a 90° IF hybrid developed by Centro Astronémico
de Yebes [22]. This is a state-of-the-art 4-12 GHz cryogenic
IF hybrid with an amplitude imbalance below £0.3 dB, phase
imbalance below £2°, and the isolation (or directivity) and the
return losses are below — 22 dB. The further IF chain consists
of 4-12 GHz Pamtech isolators and cryogenic amplifiers [23] as
used in the ALMA Band nine production receivers [24].

III. RESULTS

The tested RF block and two horns were machined in-house
at the Max Plank Institute for Radio Astronomy (MPIfR) in
Bonn out of CuTeP (ASTM C14500) alloy. The scheme of the
heterodyne test setup is shown in Fig. 7. A liquid He cryostat
was used to cool down the mixer. The noise temperature was
determined with a 300/77 K hot-cold Y-factor measurement.
At the same time, the IRR was characterized according to the
method described in [25] by injecting a test tone signal through a
6-pm Mylar beam splitter (6% coupling). Both noise signal and
the test tone were coupled to the mixer through a quartz window
followed by Gore-Tex infrared filters at 77 and 4 K levels and
cold reflective optics. The LO signal is applied through a separate
window in the cryostat. Two LO multiplier chains were used,
together covering the entire 800-950 GHz band.

A. Noise Temperature

The measured single-sideband (SSB) noise temperature of
the prototype mixer is shown in Fig. 8. It varies from about
450-900 K over the band. To enable automated and fast mixer
characterization, we left the beam splitter in for the noise tem-
perature measurements and afterward corrected for it. This cor-
rection has been verified at two different LO points by separate
measurements without the beam splitter. The presented USB
and LSB curves are corrected for the fraction of the 300 K noise
coupled through the beam splitter and the LO waveguide coupler
(4%; — 13 dB in the waveguide LO coupler — 1 dB of additional
loss for the 20 mm LO waveguide path, which is calculated using

Authorized licensed use limited to: Universidad de chile. Downloaded on April 17,2020 at 16:10:18 UTC from IEEE Xplore. Restrictions apply.



KHUDCHENKO et al.: DESIGN AND PERFORMANCE OF A SIDEBAND SEPARATING SIS MIXER FOR 800-950 GHz 537

1000
800 - - -r - - - - - oo e :
o L
2 600t oo b RS
e L
Q.
5
e 0
Q b
@2
° — LsB
ol
800 850 900 950
Frequency (GHz)
Fig. 8.  SSB noise temperature of upper sidebands (USB) and lower sidebands

(LSB) as function of the RF input frequency. The SSB noise temperature is
corrected for beam splitter and LO couple. The plot is stitched from individual
4-12 GHz IF measurements, while the LO step was 8 GHz, giving full coverage.
The frequency resolution within each set is 40 MHz. For reference, the sum of
the DSB noise temperatures of the two individual SIS mixer devices is plotted as
well (average of two measurements). The DSB noise temperature was measured
separately and corrected for a beam splitter used for LO injection. The DSB data
points are averaged over the 4-12 GHz IF band, and are plotted versus the LO
frequency in this case.

theoretical estimations given in the previous section. The correc-
tion for the LO coupler is applied to have a valid comparison with
the DSB mixer noise temperature. In addition, in the future the
LO can be located at a much lower temperature stage, which will
reduce its noise contribution significantly. To have an estimate
of the noise penalty incurred by the waveguide structures, the
sum of the DSB noise temperatures of the individual SIS mixers
is presented on the same plot. It should be mentioned that
the DSB data were obtained using the same cryostat window,
cold optics, infrared filters, IF amplifiers, and isolators as for
the 2SB measurements. The only difference in optics is that it
was measured by injecting the LO signal through a different
Mylar beam splitter of 12 ym (12% coupling), but the DSB
mixer noise temperature was corrected for this contribution. The
contribution of the other optical losses in RF noise is estimated
to be below 2 K: 1) the quartz cryostat window has negligible
attenuation in this band but a reflection of 5-10%, which gives
about 0.5 K contribution from the inner cold surrounding; 2)
radiation of the Gore-Tex filters (losses at 700 GHz are known
to be about 1.5% [26]) at 77 and 4 K shields is estimated to be
1 K. This contribution is minor and allows reliable estimation
of the waveguide losses from the corrected 2SB and DSB noise
temperatures.

For clarity, the DSB data points represent the noise tempera-
ture averaged over the 4—12 GHz IF band. From the plot, one can
estimate that the SSB noise temperature is higher than the DSB
one by 0-30% and on average about 15%. This is in a good
agreement with the waveguide losses theoretically estimated
at 0.6 dB or 15% (see Section II-A4). This is an important
conclusion, which confirms a high manufacturing precision of
the waveguide structures, high surface quality and low resistivity
of the CuTeP material.

Image Rejection Ratio (K)

Frequency (GHz)

Fig. 9. IRR with the same 2SB mixer block and SIS devices. Both LSB and
USB results are presented. The data points are measured with step of 40 MHz.

B. Image Rejection

Fig. 9 shows the IRR obtained with the first prototype block.
The IRR is above 15 dB in almost all the points, only at the end
of the band it goes down to about 13 dB overall. A few points
are falling down to 10 dB level, for example, around 860 GHz,
which is an artifact of the measurements. It is caused by phase
noise and spurious harmonics in the LO signal. Nevertheless,
the current results are very promising and a receiver based on
this mixer has clear potential to fit ALMA-class specification of
10 dB with ample margin.

IV. CONCLUSION

We designed, manufactured, and tested a new sideband-
separating mixer for the 800-950 GHz band. The obtained noise
temperatures (450-900 K) can be completely explained by the
SIS device noise temperatures and the theoretical losses incurred
in the waveguide structure in the anomalous skin-effect regime
(about 0.6 dB or 15%). The image rejection is better than 15 dB
in most (95%) of the points, and most of the excursions below
that (down to about 10 dB) can be attributed to the LO used in the
tests. With the current mixers, which are not the best ever demon-
strated, the gain in sensitivity for spectral-line observations is
about 10% (20% in observation time). If real state-of-the-art
SIS devices are employed, the sensitivity gain should go up to
about 20% (40% in observation time). It makes the presented
waveguide solution an attractive option for potential ALMA
upgrades.
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