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Abstract—We have developed a 385-500 GHz sideband-
separating (2SB) mixer, which is based on a waveguide
split-block coupler at the edge of the E-plane of the waveguide,
for the Atacama Large Millimeter/submillimeter Array
(ALMA). An RF/LO coupler, which contains an RF quadrature
hybrid, two LO couplers, and an in-phase power divider, was
designed with the issue of mechanical tolerance taken into
account. The single-sideband (SSB) noise temperature of a
receiver using the RF/LO coupler is 104 K at the band center,
which corresponds to 5 times the quantum noise limit (4f%) in
SSB, and 280 K at the band edges. The image rejection ratio of
the receiver was found to be larger than 9.5 dB and typically 15
dB in the 385-500 GHz band.

Index Terms—sideband-separating (2SB) superconductor-
insulator-superconductor (SIS) mixer, waveguide split-block
coupler, RF quadrature hybrid, ALMA

I. INTRODUCTION

He Atacama Large Millimeter/submillimeter Array

(ALMA) [1] covers atmospheric windows from 30 GHz

to 950 GHz in 10 frequency bands with relative
bandwidth of 20-30 %. To improve the performance of the
receiver, sideband separation is effective because it reduces
the atmospheric noise [2].

Although there are several ways to achieve a 2SB mixer,
we have selected a waveguide based 2SB mixer because it is
compact, has no moving part, and good performance up to
370 GHz was reported by Claude (275-370 GHz) [3]. So far
other waveguide based 2SB mixers were developed by
Claude et al. (211-275 GHz) [4], Asayama et al. (90-115
GHz) [5], Chin et al. (86-116 GHz) [6], Vassilev et al.
(85-115 GHz) [7], Kerr et al. (211-275 GHz) [8], Kamikura
et al. (385-500 GHz) [9]. In this paper we present the recent
results of the 2SB mixer for the 385-500 GHz band;
compared to that described in [9], designs of an RF
quadrature hybrid, an LO coupler, and the waveguide loads
are revised.

A block diagram of a sideband-separating (2SB) mixer
with two double-sideband (DSB) mixers is shown in Fig. 1,
which is similar to that described in [3-9]. It consists of two
DSB mixers, an IF quadrature hybrid, and an RF/LO coupler,
which contains an RF quadrature hybrid, two LO couplers, an
in-phase power divider, and three waveguide loads.
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Fig. 1. Block diagram of a 2SB mixer [3-9]. RF/LO coupler contains an RF
quadrature hybrid, two LO couplers, an in-phase power divider, and three
waveguide loads.

II. RF/LO COUPLER DESIGN

The design of an RF/LO coupler is shown in Fig. 2. To
reduce the loss resulting from the misalignment of the two
split blocks, the RF/LO coupler is split at the edge of the
E-plane. At submillimeter wavelengths (~ 0.6 mm), the size
of the waveguide and branch lines become smaller. The
branch lines can be fabricated with electrical discharge
machining. On the other hand, the waveguide itself can be
made with direct machining. The alignment between the
machining and electrical discharge machining is not easy.
Since the alignment error degrades the performance of the
2SB mixer, split-block coupler at the edge of the E-plane was
used. Compared with the split block in the middle of the
E-plane as described in [3-8], the alignment of the two blocks
becomes easier. We took care to ensure contact between the
two blocks at the edge of the E-plane by arranging 4 screws
effectively. The design is a scaled model described in [5]
referring to [4]. The waveguide size of the RF/LO coupler is
559 pm x 280 pm (WR 2.2).

The unit of the RF/LO coupler were designed with a
commercial 3D electromagnetic field simulator, HFSS (High
Frequency Structure Simulator) [10]. We took into account
conductor loss for the TE10 mode because the higher modes
are evanescent modes in the waveguide. The conductivity of
gold at 4 K is assumed to be 1.1 x 1079 S/m, which includes
the effect of the surface roughness (~ 2 um) of the waveguide
as described in [11]. The conductor loss of the waveguide of
the RF/LO coupler other than the RF quadrature hybrid and
the LO coupler at 4 K was around 0.2 dB for the waveguide
length of 20 mm.
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Fig. 2. (a) Design of the RE/LO coupler. (b) Close-up of the side view of the
RF/LO coupler.

A. RF quadrature hybrid

An RF quadrature hybrid is a four-port coupler as shown in
Fig. 3. The fourth port is terminated by a waveguide load.
The two waveguides are separated by broad walls and are
coupled through shunt guides approximately Ag/4 long. Itisa
3 dB power divider with a 90 degree phase difference
between the two outputs.

The RF quadrature hybrid was designed to have amplitude
and phase imbalances of < 2.5 dB and < 10 degrees,
respectively. These are required to achieve a 10 dB or larger
image rejection ratio (IRR) of the 2SB mixer as described in
[12].

The 58 pm width of the branch-line coupler was optimized
from the electrical discharge machining. The number of
branch lines and the dimensions were optimized as shown in
Fig. 3. We have selected an 8 branch-line coupler.

At submillimeter wavelengths mechanical tolerance
becomes very severe. The mechanical tolerance of the
branch-line widths of the RF quadrature hybrid was studied
in Fig. 4. We found that typical machining errors of ~ 5 um
do not affect the RF performance.

B. Waveguide load
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Fig. 4. Mechanical tolerance of the branch-line widths of the RF quadrature
hybrid. The graph shows the amplitude imbalance and phase difference when
no mechanical error exists (red lines) and the branch-line widths are smaller
(blue lines) or larger (green lines) by S pum than the design values. Port
definitions are as shown in Fig. 3.
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For the material of the waveguide load of the RF/LO
coupler, we have used MF116 [13], which is described in
[14]. MF116 is made of iron powder and epoxy resin. The
shape of the load is shown in Fig. 5 (a). Simulated input
return loss of the load was as low as - 40 dB at 440 GHz as
shown in Fig. 5 (b).

C. In-phase power divider

The in-phase power divider of the RF/LO coupler is an
E-plane Y-junction. We have chosen to use an in-phase
power divider of 3.0 mm radii. The input return loss of the
in-phase power divider is < -24 dB from simulation.

D. LO coupler

From the point of view of an SIS mixer, lower coupling is
desirable to minimize the loss of RF signals. However, the
LO power is generally limited at the submillimeter
wavelengths. In the case of this receiver, it was around 80
uW at the output of the cryogenic multiplier. Thus we have
designed a -15 dB LO coupler with 3 slots as shown in Fig. 6,
which is consistent with LO power calculation.

The 35 pm width of the slot was optimized from the
electrical discharge machining. The number of slots and the
dimensions of the LO coupler were optimized as shown in
Fig. 6. The mechanical tolerance of the slot widths of the LO
coupler was studied as shown in Fig. 7. We found that typical
machining error of ~ 5 um do not affect the LO performance.

559 um
2000 um

\

0

-10

-20

-30

Input return loss [dB]

-40

-50
360

(@) (b)
Fig. 5. (a) Shape of the waveguide load. (b) The simulated input return loss.
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Fig. 7. Mechanical tolerance of the slot widths of the LO coupler. The graph
shows transmission, and coupling when no mechanical error exists (ped lines)
and the branch-line widths are smaller (blue lines) or larger (green lines) by 5
um than the design values. Port definitions are as shown in Fig. 6.
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III. MEASUREMENT RESULTS

The RF/LO coupler was fabricated by Oshima Prototype
Engineering [15]. The waveguide was made with direct
machining and the branch lines were made with electrical
discharge machining. The material is gold-plated TeCu.
Three waveguide loads for the RF/LO coupler were made of
MF116 [13].

Mechanical measurements with a microscope and
measurements with a vector network analyzer (VNA) were
done. The mechanically measured values were calibrated
with a high precision scale, HL-250 [16]. The accuracy of the
measurements was around 2 pm, which was derived from the
reproducibility of the measurements.

We have assembled a VNA for the 385-500 GHz band,
using commercial components. Some S-parameters of the
RF/LO coupler were measured with the VNA. The dynamic
range is around 50 dB, and the amplitude and phase stability
is around 0.1 dB and 1 degree in 1 hour, respectively.

To compare the measurements and the simulations at room
temperature, we assumed that the conductivity of gold at
room temperature is 1.1 x 10"7 S/m, which includes the
surface roughness (~ 2 pm) of the waveguide as described in
[11].

A. RF quadrature hybrid

A 6 branch-line coupler, which is based on the design
described in [9], was evaluated. From the mechanical
measurement, a typical mechanical error was around 5 pm.
The measurements with the VNA at room temperature and
simulation are compared as shown in Fig. 8. The maximum
amplitude and phase imbalances were 1.7 dB and 12 degrees,
respectively.

From simulation, the loss of the RF quadrature hybrid was
-0.5 dB, the loss of the waveguide at room temperature was
-1.4 dB, and the transmission of the LO coupler was -0.4 dB.
For the simulation, we used the dimensions from the
mechanical measurements. These results are consistent with
the measured results with the VNA. The error bars were
derived from the reproducibility of the measurements.

B. In-phase power divider and LO coupler

A 2 slot coupler, which is based on the design described in
[9], was evaluated. We measured the insertion loss the LO
coupler as shown in Fig. 9. The loss was found to be -20 dB at
room temperature.

From simulation, the coupling of the LO coupler was -15.5
dB, the loss of the waveguide at room temperature was -1.4
dB, and the loss of the in-phase power divider was -3.1 dB.
These results are consistent with the results from the
measurements with the VNA.

IV. RECEIVER PERFORMANCE

A. Cartridge-type receiver

A cartridge-type receiver [17] including the 2SB mixer
was evaluated in a cartridge test cryostat [18]. The receiver
consists of three cold stages with operating temperatures of 4
K, 15 K, and 110 K. A corrugated horn was designed by
Matsunaga et al. [19]. CLNAs with 3-stage GaAs transistors
and cryogenic isolators for the 4-8 GHz IF band have noise
temperatures around 12 K. The coaxial cable was bent to
connect between the DSB mixers and the IF quadrature
hybrid, whose locations are not optimized.
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Fig. 8. Measured (solid line with points) and simulated (dashed line) results of
(a) transmission and coupling of the RF quadrature hybrid, (b) phase
difference of the RF quadrature hybrid. The error bars were derived from the
reproducibility of the measurements. Port definitions are as shown in Fig. 2.
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Fig. 9. Measured (solid line with points) and simulated (dashed line) results of
the insertion loss of the LO coupler. The error bars were derived from the
reproducibility of the measurements. Port definitions are as shown in Fig. 2.

The DSB mixer for the 385-500 GHz band has been
developed by Shan et al. [20-21]. Two Nb-AlOx»-Nb SIS
(Superconductor-Insulator-Superconductor) tunneling
junctions are parallel connected (PCTJ: parallel-connected
twin junction [22]) as a tuning circuit in the DSB mixer.

The DSB mixer has a noise temperature as low as 3 times
the quantum noise limit (kfk) with relative bandwidth of
20 %. Fig. 10 shows typical IV power curves of the DSB
mixers. The superconducting magnet current was 10 mA to
suppress the Josephson current of the SIS mixer. Josephson
current is suppressed successfully.

The LO was a combination of a Gunn oscillator, a power
amplifier, and a quintupler. The quintupler was mounted on
the 15 K stage of the cartridge. On the other hand, the Gunn
oscillator and the power amplifier were outside the vacuum
vessel. The 78-100 GHz signal generated by the Gunn
oscillator is amplified to ~ 100 mW by the power amplifier.
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Fig. 11. (a) Image rejection ratio and (b) SSB noise temperature of the 2SB
mixer measured with a cartridge-type receiver.

B. Image rejection ratio and noise temperature

Image rejection ratio (IRR) was measured as shown in Fig.
11 (a) with the method from Kerr et al. [23]. The IRR was
larger than 9.5 dB and typically 15 dB in the 385-500 GHz
band.

The single-sideband (SSB) noise temperature of the
cartridge for the 385-500 GHz band was measured with the
Y-factor technique using a hot (300 K) and cold load (77 K)
placed in front of the input window, as shown in Fig. 11 (b).
The SSB noise temperature was 104 K around 435 GHz,
which corresponds to 5 Afk, and less than 280 K in the
385-500 GHz band.
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