
  
 

 

  
Abstract— We have developed a dual polarization prototype 

model of the Atacama Large Millimeter/submillimeter Array 
(ALMA) Band 10 (787–950 GHz) receivers. The front-end optics 
comprises a pair of ellipsoidal mirrors, a wire grid, and two 
corrugated feed horns. A waveguide mixer block is attached to 
each feed horn in which a mixer chip employing Nb/AlOx/Nb 
juncions and NbTiN/SiO2/Al microstrip tuning circuits is 
mounted to a WR-1.2 full-height waveguide. A local oscillator 
(LO) signal receiving horn and a waveguide 10-dB LO coupler are 
integrated in the block to provide the LO signal to the mixer chip. 
A fixed-tuned multiplier with a diagonal horn located at the 110-K 
stage is used to transmit the LO power. The LO signal is then 
quasi-optically coupled to the mixer receiving horn. A very wide 
intermediate frequency (IF) system with a bandwidth of 4–12 
GHz is employed. The receiver demonstrated double sideband 
(DSB) noise temperatures of about 160 K (4hν/kB) without any 
correction for loss in front of the receiver at the LO frequency of 
834 GHz at an operating physical temperature of 4 K. 
 

Index Terms—Atacama large millimeter/submillimeter array, 
Band 10, niobium titanium nitride, SIS device. 
 

I. INTRODUCTION 
HE Atacama Large Millimeter/submillimeter Array 

(ALMA) consists of at least 66 antennas and is under 
construction on a plateau in Chile at an altitude of 5000 m [1]. 
ALMA is the result of a partnership among European, North 
American, and East Asian research institutions in cooperation 
with the Republic of Chile. The telescope covers the frequency 
range from 30 to 950 GHz, divided into 10 frequency bands. 
Each band’s receivers must adhere to the strict specifications of 
ALMA, e.g., state-of-the-art sensitivity corresponding to 
3–5hf/kB in double side band (DSB), efficient optical coupling 
to the ALMA antenna, high stability, and so on. So far, 
excellent receivers from the Band 3 to Band 9 frequencies 
(84-720 GHz) have been demonstrated using all-Nb 
superconductor-insulator-superconductor (SIS) mixers 
[2]–[10], and their performance verification tests have been 
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started on site. However, for Band 10, which represents the 
highest frequency range of 787 to 950 GHz, there has been no 
available receiver due to technical difficulties in achieving the 
ALMA Band 10 specifications (e.g. 230 K in DSB for 80% 
bandwidth and 344 K for the full band at an operating 
temperature of 4 K). In this frequency band, the 
well-established Nb technologies are not applicable for tuning 
SIS mixers because of the large losses due to pair-breaking 
above a superconducting gap frequency of about 700 GHz. So 
far, higher gap materials such as NbN or NbTiN have been 
implemented into the SIS mixers to reduce the circuit loss at 
terahertz frequencies, and showed promising performance 
above the gap frequency of Nb [11]-[13]. 

 Recently, we have developed SIS mixers with Nb/AlOx/Nb 
tunnel junctions and NbTiN/SiO2/Al microstrip tuning circuits 
for the Band 10 frequency range [14], and successfully 
demonstrated their potential for use in the ALMA Band 10 
receiver [15], [16]. It is then essential to develop a prototype 
model to confirm the feasibility of manufacturing practical 
receivers to be used for the ALMA. In this paper, the design, 
assembly and testing of the ALMA Band 10 receiver prototype 
model is presented. The receiver includes the following major 
components: a dual polarization cold optics, low-noise 
broadband SIS mixers, fixed-tuned solid state oscillators (LO), 
and a low noise cryogenic 4-12 GHz IF system, as shown in Fig. 
1. We will report the measured performance that demonstrates 
the low-noise characteristics specified for the ALMA.  
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Fig. 1. A dual polarization prototype model of ALMA Band 10 receiver, 
left: photograph, right: cartoon. One polarization channel is seen from this 
view. Another channel is hidden behind the receiver components. 
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II. RECEIVER DESIGN 

A. Receiver Optics 
The ALMA Band 10 optics layout is shown in Fig. 2. The 

optics consists of “radio frequency (RF) optics” for receiving 
two orthogonal polarized signals from the 12-m Cassegrain 
antenna and “LO optics” for injecting LO signal from the 
solid-state source to the SIS mixer in the receiver. The RF 
optics was designed on the basis of the following 
considerations: mechanical compactness, a low center of mass, 
a beam clearance of at least 5 beam waists (equivalent to a 
beam taper of –54.2 dB), frequency-independent coupling with 
the Cassegrain antenna, and a secondary illumination taper of 
–12 dB. The design frequency was 868 GHz, which is the 
center frequency of Band 10. Two ellipsoidal mirrors, M2 and 
M1, are used to focus the incoming beam from the secondary 
mirror of the antenna onto a corrugated feed horn with a flare 
angle of 11° and an aperture radius of 3 mm. The corrugation 
has a depth of 83 μm and width of 54 μm; this profile was 
chosen to minimize cross polarization within the entire Band 10 
frequency range, as determined using CHAMP software 
simulations [17]. The two orthogonal polarizations, P0 and P1, 
will be split towards its corresponding feed horn using a wire 
grid of 10 μm tungsten wire with a 25 μm grid spacing after 
reflection in mirrors M1 and M2. 

The LO optics employs a power coupling technique by using 
two horns with a pair of off-axis mirrors, a so-called 
“horn-to-horn injection”. The LO signal generated by the 
fixed-tuned frequency multiplier (about 20 μW [18]) on the 
110-K stage is radiated by means of a diagonal horn attached to 
it directly. The choice for the horn aperture side and axial 
length of respectively 1.2 and 5 mm, gives a good compromise 
between the level of sidelobes, radiation pattern broadening and 

gain. Furthermore, a horn of such dimensions can be easily 
built with standard machining techniques. For P0, the 90° 
twisted combination of the mirror pair M3P0 and M4P0 allows 
the LO signal to be fed to an identical diagonal horn integrated 
in the mixer block for P0. The LO signal is coupled to the RF 
signal via a waveguide directional coupler in the mixer block. 
For the P1 configuration, the LO signal is vertically fed to the 
mixer block for P1. Both LO source polarization signals at the 
110-K stage have vertical polarization. 

B. SIS Mixer 
The design of the mixer chip for the prototype model is 

almost the same as the one described elsewhere [15], [16], 
which employs a two-junction tuning circuit with 
1-μm-diameter Nb/AlOx/Nb tunnel junctions and inverted 
NbTiN/SiO2/Al microstriplines. The current density of the 
junctions is set at the relatively low value of 10 kA/cm2 to 
achieve a good current-voltage (I-V) curve with low leakage 
current for low noise operation. 

The SIS mixer chip is inserted in a mixer block incorporating 
the diagonal horn to receive the LO signal, a 10-dB directional 
coupler, and a mixer-chip slot to minimize waveguide loss, as 
shown in Fig. 3. The corrugated feed horn is connected to the 
RF port of the mixer block with a waveguide flange. The RF 
and LO signals are coupled by the 10-dB coupler in the block, 
and then transmitted to the mixer chip. The remaining LO 
power is absorbed by a blackbody placed at the end of the 
waveguide. The RF and LO signal paths in the waveguide to the 
mixer chip were chosen to minimize their lengths, which are 
6.2 mm and 12.2 mm, respectively. Since the transmission loss 
of the waveguide at 4 K was measured to be about 0.5 dB/10 
mm for the 900 GHz frequency range [19], the insertion losses 
are estimated to be 0.3 dB and 0.6 dB, respectively, at 4 K. 
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Fig. 2. Optics layout of the Band 10 receiver. The RF optics consists of two 
ellipsoidal mirrors “M2” and “M1”, a wire gird “Grid”, and two corrugated 
horns “HP0” and “HP1”. The remaining components are used for the LO 
optics horn-to-horn coupling scheme, in which each polarization uses two 
identical diagonal horns (e.g. LOHP1 and MxLOHP1) and two identical 
ellipsoidal mirrors (e.g. M4P1 and M3P1). 
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Fig. 3. Schematics of the Band 10 mixer block incorporating a diagonal 
horn and a 10-dB directional coupler, and their dimensions. 
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III. PREPARED RECEIVER COMPONENTS 

A.  Mixer Chip Fabrication 
The SIS mixer chips are fabricated following the sequence of 

process steps described in [14], with one modification: the top 
Nb layer was anodized prior to junction definition and, after the 
SiO2 lift-off, a via-hole was etched, as seen in Fig. 4.  These 
process steps were added after it was observed that many 
devices, namely those with junction diameters of < 1 μm, were 
electrically open circuits.  The process of anodization that 
follows the trilayer etching (Fig. 4-B) was identified as the most 
likely problem: while it is necessary to cover the junction side 
walls with an insulating layer, anodization also takes place 
across the junction top electrode because the electrolytic 
solution can penetrate under the photo resist.  This phenomenon 
has been reported previously [20]. By applying anodization 
after the trilayer deposition (Fig. 4-A) a film of uniformly thick 
NbOx covers the top Nb layer during the junction definition.  
Since both anodization steps use the same applied voltage of 11 
V (resulting in 20 – 25 nm of NbOx), the second anodization 
does not affect the insulating layer on the junction top electrode.  
Finally, after SiO2 lift-off (Fig. 4-C), the insulating layer is 
removed by reactive ion etching through a photo resist mask 
(Fig. 4-D) which, ideally, leaves a clean top electrode and the 
junction sidewall unaffected. While these extra process steps 
add to the complexity of the fabrication, a greatly improved 
device yield across the wafer is observed.  

B. Optics Block 
The receiver optics is an important component with which to 

achieve efficient coupling for both RF and LO beams. Because 
of the extremely short wavelengths at Band 10 frequencies, the 
alignment accuracy of the optics is critical for overall receiver 
performance. To reduce the assembly error, the four mirrors 
(two for RF and two for LO) placed on the 4-K stage were 
milled from a single Al block. The wire-grid and the two 
corrugated horns were attached to one Al frame, a so-called 
“grid box”, to minimize the beam squint between the two 
polarization RF beams. The grid box is accurately attached to 
the mirror block. These components were produced with taking 
into account a thermal shrinkage of Al between 300 K and 4 K 
by a factor of 0.996.  

The receiver RF beam performance was characterized by 
measuring near-field beam patterns at room temperature with 
precise alignment accuracies of < 100 μm in position and < 0.1° 
in angular planarity. Scans were made at the theoretical 
Cassegrain focal plane at several frequencies from 840 to 895 
GHz. The transmitter probe horn was rotated  45° in the case of 
the beam squint evaluation to record both beams on the same 
scan coordinates. 

Fig. 5 shows the measured P0 Co-polar patterns at 895 GHz 
as an example. From the beam pattern amplitude and phase, the 
beam quality was derived by fundamental Gaussian beam 
fitting analysis. The phase center (x0, y0, z0) and tilt angle (θx, 
θy) were respectively (-0.35 mm, -2.53 mm, -2.25 mm) and 
(-0.20°, -0.91°) for the case in Fig. 5. These values are close to 
the theoretical phase center (0.00 mm, -3.08 mm, -0.02 mm) 
and tilt angle (0.00°, -0.974°), which means that the prototype 
optics was well machined and assembled as expected. The 
cross-polarization level between the Co-polar peak and the 
maximum of the Xs-polar beam pattern at the focal plane was 
about -33 dB. This value is also close to the expected 
theoretical  value of -36.5 dB obtained using GRASP [17]. The 
cross-polarization was also very low at other frequencies with 
measured values of -34 dB at 864 GHz and -36 dB at 840 GHz. 

The beam squint was evaluated at 840, 864, and 895 GHz by 
applying the fundamental Gaussian mode fitting analysis for P0 
and P1. The beam separation distance between two polarization 
beams was calculated at each frequency. The results at all 
measured frequencies showed beam squints less than 0.257 mm, 
which corresponds to 10% FWHM (full-width at 
half-maximum) on the sky (ALMA specification). This 
prototype confirmed that there are no serious concerns for the 
production of Band 10 optics. 

C. Receiver Configuration 
The prototype model of the Band 10 receiver was assembled 

as shown in Fig. 1. The receiver consists of three cooled stages 
with operating temperatures of 4, 15 and 110 K, and a room 
temperature base-plate that provides a vacuum seal. This was 
inserted into our test cryostat with a three-stage 
Gifford–McMahon cycle cryocooler. The optics block (with a 
wire-grid, two corrugated horns and two mixer blocks), two 
4–12-GHz isolator (Model: QJI-0412FF-SMA [21]), and two 
4–12-GHz cryogenic high-electron-mobility transistor 
(HEMT) amplifiers (Model: CRYO4-12A [22]) were arranged 
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the Band 10 prototype receiver at 895 GHz. 
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on the 4-K plate. A superconducting magnet was mounted on 
the mixer block to apply a magnetic field around the SIS 
junctions to suppress any unwanted noise resulting from the 
Josephson effect. The only components on the 15-K stage were 
the heat sinks for the coaxial cables, and the DC wiring. Two 
fixed-tuned x9 multipliers (x9 is obtained by direct connection 
of WR2.8x3 and WR1.0x3 [18]) for P0 and P1, heat sinks for 
the WR-10 waveguides, coaxial cables, and DC wiring were on 
the 110-K stage. Thin-wall stainless waveguides with gold 
plated stainless coaxial cables and 0.1-mm-diameter Manganin 
wires were used for thermal isolation. 

The RF signal passes through a quartz vacuum window with 
Teflon anti-reflection (AR) coatings and infrared filters at 110 
and 15 K attached to the test cryostat, and then reaches the 
receiver optics. The thickness and the aperture diameter of the 
vacuum window are 3 mm and 20 mm, respectively. The filter 
at 110 K consists of a 0.56-mm-thick Gore-Tex layer and a 
0.13-mm-thick Mupor layer (50% porosity). The filter at 15 K 
uses the same Mupor layer. The RF signal is down-converted to 
an IF signal at the SIS mixer by applying the LO signal through 
a 10-dB waveguide coupler in the mixer block. The IF signal 
from the mixer was amplified by the 4–12-GHz cryogenic 
amplifier through the 4–12-GHz isolator with a bias tee. Then 
the signal was taken out of the cryostat. The typical noise 
temperature of the cryogenic amplifier was below 5 K for the 
4–12 GHz band at an operating power of 14 mW. 

IV. RECEIVER PERFORMANCE 

A. LO Injection 
The ALMA receivers are to be operated at any frequency 

within the corresponding bands. For Band 10, the LO power 
provided by the horn-to-horn LO injection system should be 
enough to pump the SIS mixers at frequencies from 799 to 938 
GHz. A strong standing wave effect in the LO system is also an 
issue, which brings about substantial frequency suck-out points. 
One possible standing wave is thought to come from the 
horn-to-horn coupling part, which should have a frequency 
period of about 0.5 GHz because the distance between the two 
horns is about 300 mm in space. To verify the feasibility of the 
LO system, the current pumped into the SIS mixer was 
measured as a function of LO frequency.  

Fig. 6 shows the pumped currents of the SIS mixers for both 
polarizations as a function of LO frequency. The frequency 
resolution is 0.18 GHz. A dotted line shows the typical 
operational current of the SIS mixers, at which maximum 
sensitivities are obtained. It can be seen that enough LO power 
was applied to the SIS mixers by the LO injection system for 
the whole Band 10 frequency range. However, the frequency 
dependence has peaks and troughs due to standing waves. The 
most prominent one, especially for P0, appear to have a period 
of about 35 GHz. This may be caused by an interaction between 
the two triplers (WR2.3x3 and WR1.0x3) on the 110-K stage. 
We have a plan to integrate two triplers in a block to reduce the 
interconnecting length. 

A period of about 0.5 GHz can be also observed, as expected. 
To evaluate this standing wave effect between the two horns, 
the voltage standing wave ratio (VSWR) was derived from the 

current response of the SIS mixer. In general, the pumped 
current of the SIS mixers at a bias voltage of VBias is described 
by 

 
(1) 

 
where α = eVLO/ħω, IDC

0, and e are respectively the pump 
strength, SIS mixer current without LO signal, and electron 
charge [23]. VLO represents the LO voltage applied to the SIS 
mixer. Since the variation of the LO voltage can be calculated 
using (1), the VSWR between the horns via the 10-dB 
directional coupler may be estimated by taking the maximum 
and minimum values with the period of about 0.5 GHz. Fig. 7 
shows the calculated α and VSWR as a function of LO 
frequency. The LO injection system using horn-to-horn 
coupling can be seen to have achieved a low VSWR of less than 
about 1.2 for the Band 10 frequency band. 

B. Sensitivity 
The heterodyne receiver noise measurements were made 

using the standard Y-factor method for room-temperature (295 
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Fig. 6. SIS mixer currents pumped by the horn-to-horn LO injection scheme 
for P0 and P1 as a function of LO frequency. The bias voltages were fixed at 
2 mV. Enough pumping power was obtained, which is much larger than a 
nominal operational current described by dotted line. 
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K) and liquid-nitrogen-cooled (77 K) loads. No corrections 
were made for losses before the receiver. Fig. 8 shows typical 
I-V characteristics of the receiver at 834 GHz at a physical bath 
temperature of 4 K. The current density of the Nb junctions was 
estimated to be 11 kA/cm2 by measuring large junctions with a 
size of 4 μm in diameter on the same wafer. This value is close 
to our target value of 10 kA/cm2. High quality I-V 
characteristics with a large subgap-to-normal resistance ratio of 
more than 20 were obtained for both polarizations, P0 and P1, 
when no LO signal was applied. These results suggest that our 
Nb/AlOx/Nb fabrication process is well-controlled even though 
they are deposited on the NbTiN film. The normal state 
resistance of the two junctions connected in parallel was 8.6 Ω 
for P0 and 9.7 Ω for P1. Since the JCRNA product of our Nb 
junctions is about 2.1 mV, the junction sizes of the mixers are 
estimated to be 1.2 μm for P0 and 1.1 μm for P1. Both values 
are somewhat larger than the design value of 1.0 μm. This is 
attributed to a focusing problem to define the junctions in our 
photolithography process using an i-line stepper. Our quartz 
wafers of  35-mm in diameter is not originally suitable size for 
the stepper designed for 3-inch wafers. We are now improving 
the process by using a better wafer tray. 

The receiver IF output, integrated over the 4-12 GHz, in 
response to hot and cold loads is also shown in the figure as a 
function of bias voltage. Photon-assisted tunneling (PAT) steps 
were clearly observed when LO power was applied. It should 

be noted that the photon step from the nonlinearity at the 
negative gap voltage of about -2.7 mV appears at V ≈ +0.7 mV, 
as expected from the 834 GHz LO input (hν/e ≈ 3.4 mV). The 
distinct IF responses to hot and cold loads showed a Y-factor of 
about 1.85 at the bias voltage of 2.1 mV, which corresponds to 
a DSB receiver noise temperature of 160 K (about 4hν/kB). 

The frequency dependence of the receiver noise 
temperatures for both polarizations was investigated at several 
LO frequencies from 786 GHz to 962 GHz. The bias voltage 
was chosen to be 2.1 mV or larger to avoid the unwanted noise 
from Josephson effect at around V = hν/2e of Shapiro step. Fig. 
9 shows the measured receiver noise temperatures as a function 
of LO frequency. The noise temperatures are reasonably flat, 
but the center frequencies for both polarizations can be seen to 
be shifted to lower frequencies. This is because of the larger 
junction sizes. The performance will be improved by 
fabricating junctions with sizes closer to the design value. 

The receiver IF response was measured using a spectrum 
analyzer with good amplitude accuracy (Agilent PSA series 
E4445A). Fig. 10 shows a typical measurement result. It can be 
seen that excellent IF coverage is achieved. However, the 
performance is slightly degraded at frequencies around 12 GHz. 
We found that the degradation was dominantly caused by an 
impedance mismatch between the mixer chip and the isolator 
by analyzing the IF chain of the receiver. It may be possible to 
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Fig. 8. Typical heterodyne responses of (a) P0 and (b) P1 of the prototype 
receiver. Shown are the I-V characteristics with and without LO power. 
Also shown is the IF output power as a function of bias voltage for hot (295 
K) and cold (77 K) loads. 
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improve the performance by modifying the IF circuit board in 
the mixer block to get better impedance matching at the high 
end of the IF. 

V. CONCLUSION  
A prototype model of the ALMA Band 10 receiver with two 

orthogonal polarizations has been developed. Every receiver 
component, such as the optics and the SIS mixers, was carefully 
designed to meet the ALMA specifications. The assembled 
receiver demonstrated excellent performance, which suggests 
the feasibility of the ALMA Band 10 receiver. The minimum 
DSB receiver noise temperature reached 160 K, corresponding 
to 4hf/kB at 834 GHz at an operating physical temperature of 4 
K.    
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