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SIS Receivers for Submillimeter Wave Astronomy

T. G. Phillips, Thomas H. Buttgenbach and Brian N. Ellison

Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, CA 91125

We report on the development of broadband heterodyne receiver systems used at the Caltech Submil-
limeter Telescope (CSO) on Mauna Kea, Hawaii. All our receivers utilize Pb alloy superconductor insulator
superconductor (SIS) tunnel junctions for the mixing element. Standard electron beam lithography for the
masks and the tri-level photoresist stencil technique are used for the fabrication. Typical gap voltages of 2.4
mV and critical current densities of about 7000 A/cm? at 4.2 K are achieved. The junction overlap area is
between 0.5 and 1.0 um? yielding wRyC = 1 at about 150 GHz. These devices are fabricated in collabora-
tion with Ronald E. Miller at AT&T Bell Laboratories (Figure 1). Receiver noise temperatures of about 65 K
(DSB) at 220 GHz and 150 K (DSB) at 350 GHz are achieved.

Waveguide receivers

Two waveguide receivers are currently operated at the CSO (henceforth referred to as the 230 GHz and
345 GHz receiver). The receivers are designed to operate from 190 to 290 GHz (Ellison and Miller 1987)
and 280 GHz to 420 GHz (Ellison et al. 1989). A schematic layout of the receiver system is shown in figure
2. The IF is 500 MHz wide and centered at 1.5 GHz. The three stage IF amplifier (Weinreb et al. 1982) has
been modified to have a HEMT in its first stage yielding about 2 K noise temperature.

Both mixers have two noncontacting shorts, i.e. a backshort and an E plane tuner, in full height waveguide
(Figures 3,4). The shorts are formed from a series of high and low impedance sections. Their design center
frequency is 230 GHz and 345 GHz for the two receivers. Originally the SIS junction was mounted on the
waveguide wall with an asymmetric filter structure (RF choke). Again the design center frequency for the
RF chokes is 230 GHz and 345 GHz. Scale model measurements, which are discussed in more detail below,
showed that the desired position for the junction is in the center of the waveguide. Both mixer blocks are now
in that configuration.

The 230 GHz receiver has been tested successfully over its design frequency range (Figure 5). The best
sensitivity obtained for this receiver is at 220 GHz with a double sideband (DSB) noise temperature of 65
K. Typical values are about 100 K. The 345 GHz receiver has yet not been tested above 370 GHz due to
lack of local oscillator power. Its best performance is at 345 GHz with Tpsp = 150K and typical value of
about 200 K (Figures 6,7). The performance of both receivers is best close to the design center frequency
for the RF choke and the sliding shorts and degrades towards both ends of the band. Thus we conclude that
the performance of the receivers far away from the center frequency is limited by the RF choke or the sliding
shorts rather than the ability to match power into the junction mount. Figure 8 shows a comparison of the
best reported noise temperatures of broadband heterodyne receivers. All numbers were converted to single
sideband noise temperatures for purposes of comparison.

The waveguide blocks are mounted in hybrid cryostats using CTTI closed cycle refrigerators to cool the IF
amplifiers and radiation shields to 12 K and a liquid Helium reservoir to cool the mixer blocks (Ellison 1988,
Figure 9). The 4 liter liquid helium reservoir has a hold time of 18 days.

Scale Model and theory for the waveguide receivers

The 230 GHz waveguide receiver in its original configuration showed a region of very high noise tem-
peratures at about 250 GHz. We built a scale model of the mixer block (Figure 10) in order to investigate
this resonance and the general performance of the two tuner waveguide structure (Biittgenbach et al. 1990).
The two tuners allow access to a wide range of impedances as shown by the shaded area in Figure 11. The
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dark circles are backshort circles, i.e. the E plane tuner was fixed and the back short moved. Figure 12 shows
the performance over the fundamental waveguide band of the model. The transmission data was obtained by
sending power into the waveguide port, where the horn antenna would be located in the full size mixer and
taken out with the probes at the junction position. The tuners were optimized for each data point. Comparing
Figure 12a with 12b shows that the transmission is highest where the area of accessible impedance values in
the Smith chart is largest. Figure 12c demonstrates this by depicting the relative tuning area, i.e. the ratio
of accessible tuning area to total area of the Smith chart. The qualitative behavior of the transmission and
relative tuning area as a function of frequency is identical. Deducing the efficiency of a mount geometry by
comparing the measured embedding impedances with the desired impedance for a device can be misleading.
This is well demonstrated at the resonance frequency at 6.4 GHz. Depending on what one assumes for the
embedding impedance of the SIS junction one could come to the conclusion that the SIS junction is well
matched to the incoming radiation. As apparent from figure 12b this is not the case. The relative tuning area,
however, is much more significant. This is due to the fact that a tuner has a zero reflection coefficient for a
non propagating mode. The large range of impedance values available when moving the tuners allows good
coupling to the propagating mode in the waveguide, which contains the energy of the incoming radiation.

Figure 13 shows the relative tuning area as a function of junction position in the waveguide. The resonance
strength decreases significantly when the junction is centered. Numerical simulations (Biittgenbach et al. 1990)
of the same waveguide structure showed the same effect. This resonance is due to cross modal coupling to all
n=1 modes caused by the junction mount as represented by an obstacle in the waveguide. By centering the gap,
i.e. the position where the junction is in the waveguide, the coupling to the n=1 modes can be eliminated and
therefore the strength of the resonance reduced. This has been confirmed in the 230 GHz receiver, when the
SIS junction was moved into the center of the waveguide. The noise temperature at the resonance frequency
(250 GHz) is now only a factor of 1.5 higher than the average value in the vicinity.

According to theory the resonance frequency is inversely proportional to the waveguide height. The
effective waveguide height at the mount is somewhat higher than the geometric height due to the dielectric
substrate of the junction mount. The decrease of resonance frequency due to the substrate dielectric has been
investigated and found to be in excellent agreement with the measured resonance frequency of the 230 GHz
receiver.

Fabrication of reduced height waveguide components in the submillimeter region is very difficult, making it
advantageous to maintain full height waveguide. However, a slight reduction in waveguide height (= 20%) will
push the resonance out of the frequency range of interest without increasing machining difficulty significantly.

Figure 14 shows a lumped element equivalent circuit derived from the theory. L; and C; correspond to
the reactance due to the coupling to the n=1 modes. C and L contain the reactances of the coupling to all other
modes, the lead inductances, the junction capacitance and the choke reactance. At the resonance frequency,
i.e. where L; and C) resonate, the junction is shorted.

Quasi optical receivers

We are investigating a new technique of coupling the radiation from a telescope into an SIS detector by
means of planar antennas instead of waveguide structures. This technique avoids the difficulty of fabricating
waveguide structures in the submillimeter band, which become very lossy. Furthermore there is the potential for
a receiver operating over several octaves. A major disadvantage is the lack of tuning capability thus requiring
SIS junctions with low wRNC products at the operating frequency. We use a planar antenna mounted on a
hyperhemispherical lens (Figure 15) as first suggested by Rutledge. Initial receiver tests (Wengler et al. 1985)
using bow-tie antennas were promising. A continued investigation (Biittgenbach et al. 1989) using spiral
antennas (Figures 16,17) gave noise temperature results that were almost as good as waveguide systems below
400 GHz and considerably better from 400 GHz to 760 GHz. These results were obtained with one single
instrument. However, the coupling efficiency of the receiver to the light from the telescope was rather poor
(=~ 30%). This is due to the extremely fast beam launched by the spiral antenna and the problems associated
with controlling that beam. We are currently investigating the optics for planar antenna structure receivers
with the goal of improving the coupling efficiencies.



First International Symposium on Space Terahertz Technology Page 345

References

Biittgenbach, T.H., Groesbeck, T.D., and Ellison, B.N., “A Scale Mixer Model for SIS Waveguide Receivers,”
Int. J. of IR and MM Waves, vol. 11, no. 1, January 1990.

Biittgenbach, T.H., Miller, R.E., Wengler, M.J., Watson, D.M., Phillips, T.G., “A Broad-Band Low-Noise
SIS Receiver for Submillimeter Astronomy, IEEE Trans. Microwave Theory Tech., vol. MTT-36, December
1988.

Ellison, B.N., and Miller, R.E., “A Low Noise 230 GHz Receiver,” Int. J. of IR and MM Waves, vol. 8, no.
6, June 1987.

Ellison, B.N., Schaffer, P.L., Schaal, W., Vail, D., and Miller, R.E., “A 345 GHz Receiver for Radio Astron-
omy,” Int. J. of IR and MM Waves, vol. 10, no. 8, 1989.

Ellison, B.N., “Hybrid liquid helium cryostat for radio astronomy use”, Cryogenics, vol. 28, November 1988.

Weinreb, S., Fenstermacher, D.L., and Harris, R.W., “Ultra-low-noise 1.2 to 1.7 GHz cooled GaAs-Fet
amplifiers”, IEEE Trans. Microwave Theory Tech., vol. MTT-30, June 1982.

Wengler, M.J., Woody, D.P., Miller, R.E., and Phillips, T.G., “A Low Noise Receiver for Millimeter and
Submillimeter Wavelength,” Int. J. of IR and MM Waves, vol. 6, pp. 697-706, 1985.



Page 346 First International Symposium on Space Terahertz Technology

DIMENSIONS APPROXIMATE

PROTECTIVE PHOTORESIST

LAYER
BASE ELECTRODE JUNCTION COUNTER ELECTRODE
PbQO Iﬂa AUZ OVERLAP Pbga AUZ
REGION
OXIDE INSULATING
LAYER
BASE ELECTRODE
Pbgo lne AUZ FSOOnm

\Q\_—fw \\& m\\\\w 300nm *'—4nm
X 2 0007727727277724, § 200m ¥

: i 0.10mm

\‘ SUBSTRATE

overlap region

b _ ;




Page 347

First International Symposium on Space Terahertz Technology

H313NOH103dS SOV Ol

—

ZHD £'0= "4V [
HOLVANALLY  poa) = 10 [N
J19YIWINYHOOHd X4
VN 1|531dnod
F ZHH G0 =V _ aaol
ZHHGL =D
H010313d (M3143S)
MV1'0S "dAV dINTL INOOY
avd ar9
dNY .
o ap20="4'N
(o3LIn)
"dINY dJW3L WOOY
1nd1NO
H3IMOd WL1OL Avi=qurel

VN1 'd'l

-M0vd

HO1Vv10SI
H3aNNL \/
LHOHS —H H3axIN

NNND dul
HOLVT1I0SO Ao
N, el N'S'd NNND
VOO0 O
(d13) 43axin *
g31dN02 OINOWHVH
JAINDIAVM ap0o2 H31NNOD
1 AONINOIYS diT

HOLVNNALLY g
AAIND3IAYM A

H3NdILTAW | NX

Aey=que |

4’1 LINJHID
ONIHOLVIN

Mg p=que |

SIS

_.I._ SN
NHOHA334
H3aNNL
ANV1d 3

\s J/l.‘/
"H3L1NdSNvY3a  3d4090sS3TaL
HY1AN WO4d4

Ve

—

f‘/ja/re



A

First International Symposium on Space Terahertz Technology

Page 348

%/\Su/a—c

/ HALIAVIQ W G° ™)
JAIHA HILINOHOIN ANODIS OL
ONIHdS
@3IAOWIH HOLONANOD HALNIO I ,
HLIM 319V QIDIH-INIS Ww g2 w7
M iy n
—— HANNL
31vd1Sans == ANVid3
W3LSAS IAIHA HOH NOILONNF SIS e
av3H DNILOINNOD /.r,% : NOILO3S NHOHA334
, a3LYONHHOD
N\
HANNL 1HOHSYOVE N\ N\
=== T N \\ >
I 7 = 7 %
"l . = A%
N ||
Moo1d i ﬁ : \7
(1dL08) NOLLONIIP HllE  \ NOILO3S HIWHOASNVHL
JAIHA Y3 LIWOHOIN ad A AAINDIAVM B L. INV1d 3

1Nd1no di




Page 349

First International Symposium on Space Terahertz Technology

ZZ R
avl A 290 .
DNILHOHS .
WniaN |
I
'q
3AINDIAYM L
/ 680"
see’
A
fe— —|
129
8/1°0
51°0
slel— €100
.m._ 210 .-

JdIM
415 00€

4

L4
4
L4

_INIVd
HAATS

"IN NI 3HY SNOISNIWIA 11V -31LON

(vaz)
. STTOH ONILYOOT Nid 1IMOGy

e

O

——

aNI1

HIV 3ONvA3adNil 500E

HOLO3ANNOD
1Nd1NO 4'TINSSO

\

/IO._._O<n_<O
4d G0

34IM ONILOINNOD

3ANIT 41 OL HOLIOVdVYO

/‘/‘jm &



First International Symposium on Space Terahertz Technology

Page 350

[zH9] Aousenbau4

!

(zZH9] 08¢ 09Z ove 022 00Z
' | ! | ' I ' | ' |
- \..\VAIJIIIIIX,I
M- — — X— ¥ - E.\_u/./ Tt~ — x
/ x , /.m.
- , ) -
Pl ,
\.\ 7 o~ ~ ﬂu
" L~ . x /Dl./ _.
- I
_. !
i m !
_ !
i ._
B | ! paJajuad uolounp x
\ !
| .
: |
- _. i llom b/m 1o uonounp o
i

i — 1 ~. _ 1 _

49A1909l @Um3@®>0>> ZHS 0¢ ¢

<

—

O
)
N

@)
@)
<

@)
o
O

008

-/-/31«(4{

[M] s4mpiadws] ssioN gSQ



Page 351

First International Symposium on Space Terahertz Technology

0cy

(zHD) Adouanbory ‘O

6

007 08¢ 09¢ 1143 114 00¢€ 08¢ ¥
| | | | | | T | | | | 0 AN
NG
001
,
n
ve)
00T =
P4
Z
Q.
00€ ©
£
S
00t R
-00¢
"S[]°C ~ qUIB ], JOXIJA] * JUQWAINSBIJA] 2d0OISI[AL, U O
ST ~ qQUIB T, JOXIJA “SIUQWAINSBIA qeT X
009




First International Symposium on Space Terahertz Technology

Page 352

¢'cC

[Aw] abpyjoa spoig

¢'¢

0°¢

T

7

7

T T T T T ! ! ! I ' ' '

. ___pDO| PJ|OD UO
o - "R _Aujigoisul Jo uoibay
\

>~

©
- - X

-~

G- - o _
+~

bunyss Jemod (7 1SDY|
+ Bbunyes somod 7 oppiw

Bbuipyes 4emod Q7 ybiy

1 1 1 | 1 1 L i _ 1 1 L

4

O

Ny

K

00Z

l |
@) O
@) @)
%) <t
[M] sunjbiadwa| 8SION gS(

008

4d9A12039U QU_D@®>D>> ZHS GV ¢

"77_

—f:/“j s



Page 353

First International Symposium on Space Terahertz Technology

[2ZH9] Aouanbau

lllll

+ ©
. ]
- o ¥ opIinbaADp, AM10YdS +
aqn) 49ul0) AY1I0YOS x

puusjup |paids ondoisonb IS o |
opinbarby SIS e'0 |

+
o377 ]

SI9AI1909Y dUApoUd}oH pubgppoug

001

0001

[%] (gss) 23

g

71 qunc



Page 354 First International Symposium on Space Terahertz Technology

LIQUID HELIUM CTl 350
INPUT & VENT [ \ _
TUBES \ !
il
!
TYPICAL CONNECTOR QO C:) HELIUM GAS
ACCESS 110 >/_ LINES
1
FIBRE-GLASS . ' F EVACUATION
NG| [
T T///////{ V///A
1
1
TYPICAL ;
PORTHOLE .
ACCESS X 14
- 1
| 26
28.5
H b i SUPER-
OUTERVACUUM | INSULATION
JACKET
N 43
1stSTAGERAD |
SHIELD, 64K f 4
N
2nd STAGERAD | 1 56
SHIELD, 12K ~\_{] 2
:\\ LHe Q
f CONTAINER :: FIBRE-GLASS
[ aL N SUPPORTS
? \
N
77777772
t
SIGNAL —— - - i . L4
SIS MIXER S| 5 S 4,
]
3, - 1 [
l{{l L LA //Ié
i \  MIXER TUNING
I STUBS
23 1
I 27
l 37 |

—72’_/‘3 s T



/0

y
A , ﬁ.\u
N
uonyisod uonoun| (Ww ul ale suoisuswip)
ade} 0} paiep|os apinbanem
1010NpuUo9 Jsuul \\ (1580A18)
A Awawﬁma%wovo ajelsqns uoeUILIB)
= ol .
>3[qed [BIXeod HnAS oY wyo 09

b
lazAjeueyJomiau LIoYS + £
0] 10}08UuU0d - N -2

First International Symposium on Space Terahertz Technology



Page 356

ﬁmfﬂx clart normalized #o SO 8

First International Symposium on Space Terahertz Technology

?/jm //



First International

Symposium on Space Terahertz Technology

ission [%]

transm

W
O

rel. tuning area [%]




50

30

Page 358 First International Symposium on Space Terahertz Technology
T 4 T T 1 1 T ] 1 T T T l I i LS

........................................................

d = 11.1 mm (center position)

.............................
...................................................................

d = 85 mm

;Z/yuc /3



First International Symposium on Space Terahertz Technology Page 359

3 -
-3
>
=
=
N
»—lﬁ =
. X
— __8 =
& o &
g > £ 2N
S —_ &> N
U—] .|
N N\ —
@)
O
o s
m S
o~ S
N




Page 360 First International Symposium on Space Terahertz Technology

\ :
\\\ :l ':
___________ Wl ¥ L
SIGNAL, 9 :
__________________ ~ 5 ’— @
(AN
42 K
80K
300 K

®)

1 Spiral antenna with SIS junction

2 Hyperhemisphere

3 Anti reflection coating

4 IR filters and plastic lens

5 Mylar window

6 Conductive plane with Fe core — ——
7 Coil for magnetic field
8 Translation stage

9 SIS junction DC-bias
10 Mixer IF output

11 IF preamplifier

12 IF output

13 Electronics connector
14 Conductive backplane drive Mixer block
15 Beam splitter

;‘—/jm /S



First International Symposium on Space Terahertz Technology Page 361




Page 362 First International Symposium on Space Terahertz Technology

‘éﬁ‘*’, %




