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ABSTRACT

We present two different designs of integrated tuning

elements for superconducting tunnel junction (S1S) mixers. The
structures consist of a self-complementary log-periodic antenna,
superconductor-insulator-superconductor (S1S) tunnel junction,
and the broadband superconducting tuning circuit placed
between the center of the antenna and the S1S junction. The

designs allow good coupling to relatively large area (7 ~m2)
junctions. llte best design has 3-dB bandwidth of 102 GHz at
the central frequency of 98 GHz, and 75 GHz at the central
frequency of 492 GHz. Microwave scale model measurements
show excellent agreement with the simulation results. Devices
are being fabricated in niobium technology at Westinghouse
Science & Technology Center.

INTRODUCTION

Superconducting tunnel junction (S1S) mixers are used in
receivers for the detection of millimeter and sub-millimeter
wavelength signals. They are low-noise detectors with
sensitivity superior to all known alternatives in the frequency
range from 100 GHz to 500 GHz [1].

At RF frequencies, the S1S junction can be represented as its
parasitic capacitance (Cj) in parallel with its RF junction
resistance (Rfi), Junction parameters Cj and Rfi are determined
by the fabrication process parameters the critical current density

jc [A/Cm21,the junction capacitancePerunit areacj [fWkm21
and the junction area A[~m2]:

where Vg is the gap voltage, about 3 mV for niobium.

The typical junction sizes are 1-10 ~m2. Due to the very
high junction capacitance one of the main problems at higher
frequencies is poor coupling between the S1S junction and the
source impedance. The mismatch between the junction and the
source can be reduced if high current density and small area
junctions are used, but this places special demands on the cimuit
fabrication processes. An alternative approach is to use
integrated tuning elements to tune out the large capacitance and
to transform the low junction impedance in large area junctions.
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Two major goals in the design of tuning structures are small
power loss at the central frequency and wide 3-dB bandwidth.
A number of different designs of tuning elements were proposed
for the frequency of 100 GHz and less [2-8]. However, most of
them have either small bandwidth [2, 4, 7] or they are
impractical at higher frequencies [3, 8]. We propose two
different designs of tuning structures applicable both at lower
and higher frequencies. Circuits presented here are designed for
98 GHz and 492 GHi!.

BROAD-BAND TUNING STRUCTURES

In our quasi-optical receiver, the S1S junction is built
integrally with a plannr self-complementary log-periodic antenna
on a dielectric substrate [9, 10, 15]. Antenna is placed on the
back of the quartz hyperhemisphere. The hyperhemisphere and
the teflon lens in front of it focuses the radiation into the
antenna. The antennal impedance is frequency independent over
several octaves and is equal to 119 Q.

If no tuning structures are used Ithe S1S junction is placed in
the middle of the antenna. Coupling between the junction and
the antenna is shown in Fig. 1 for the junction with different
parameters. To achieve the bwt coupling, large current density
and small area are nex?ded. Even thtm, at high frequencies, most
of the input power is not coupled into the S1S junction. The
major reason for such a mismatch is the existence of (he junction
capacitance which shorts out higher frequencies.
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Fig. 1. Coupling coefficient between the S1S junction and
the log-periodc antenna when no tuning structmx are used.

By using integrated tuning elemlents, the mismatch problem
can be resolved. TWO different designs are shown in Fig. 2. In
the fiist, a transmission line is placed between the junction and
the antenna (Fig. 2a,). The Smith chart in the Fig. 3. shows
how the transformation is perfornned. The S1S impedance is
fiist rotated along the length of the transmission line to a small
resistance R approximately equal KX
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R=
Rfi

1 + (coC#~2

which is then tmttsfortned to a value equal to Zmt at the end of
the transmission line. The transmission line has a characteristic
impedance between R and Z~t and its length is greater than one
quarter wavelength.

In the second design, junction capacitance Cj is first tuned
out using the inductive element and then the junction RF
resistance is transformed into the antema impedance (Fig. 2.b).
This design gives more degrees of freedom than the fiist one,
since the transformation is done with more than one element.
The designs will be discttaed in more detail below. ‘I%ese same
tuning structures ate applicable also to wavegtride receivers.

a)

b)

Fig. 2. The principal schematic of the two different tuning
structures.

S1S junction I>,’ ‘>:...;

Fig. 3. The Smith chart impedance transformer description.
Smith chart is nortnatized to the impedance of the antenna.
The transmission line transformer impedance is equat to

—
?-/Zant R

All the designs presented here are done for the fabrication
process with the following pmatneters:

These process parameters correspond to the junction
parameters

RN= 8.6 Q~d Cj= 420~.

Without tuning structures, these junctions have less than one

percent power coupling to the antema at frequencies larger than
250 GHz fFig. 1).

Tuning sit-uctures are built on the one arm of the antenna
which is used as their ground plane (Fig. 4). Our scale model
measurements show that the tuning structure placed on the
antenna arm does not change the antenna impedance.
Superconducting microstrip lines[11, 12], coplanu waveguides
[12] and radial stubs [14] are used as the basic elements of the
tuning structures. Their characteristic impedance and the
effective wavelength are calculated taking into account the
superconductor complex surface impedance [11, 13, 16, 19].

The tuning stmctum. equivalent circuits are optimized in the
“Touchstone” RF simulation program [17] to achieve the largest
3-dB bandwidth consistent with 75 % or more coupling at the
central fr~uency.

radial stub

crostrip line

junction

SL2

3

(MSL1)

Fig. 4. Self-complementary log-periodic antema with the
superconducting tuning structure.

—
DESIGN #1

In the fist design a superconducting microstrip line (MSL)
is placed between the center of the antenna and the S1S junction
(Fig. 5a) [2]. The length and the characteristic impedance of

a)

b)

c)

d)

electrical circuit
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Fig. 5. Electrical schematic of tuning circuits with the
expected fractional bandwidths at 98 GHZ and 492 GHZ. x
means that the circuit is not nmlizable with our fabrication
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the MSL are chosen to achieve high coupling and large

bandwidth. The total length of the MSL is k/4clel/2 at the

central frequency. This design is simple, but it has the smallest
bandwidth of all proposed designs. Another disadvantage is that
the only way to increase bandwidth is to allow some small
mismatch or to use smaller area and higher current density
junctions. The simtdation data at 98 GHz and 492 GHz are
shown in Fig. 6.a and Fig. 7.a respectively. At 98 GHz 3-dB
bandwidth of 26 GHz with 90 % coupling at the central
frequency is achieved. At 492 GHz we got the bandwidth of 36
GHz with 76 % coupling at the central frequency. This
bandwidth is comparable or larger than previously designed
tuning circuits [2, 3, 4, 8], but in comparison with the other
designs discused here we consider it the small bandwidth. The
reason for the small bandwidth is that the transformer is not a
broadband structure due to the large transformation between the
small resistance R and the large antenna impedance.

Frequency [GHz]

Fig. 6. Coupling coefficient between the S1S junction and
the antenna for 98 GHz: curves a) to d) correspond to the
designs from Fig. 5.a to 5.d curve e) show cnupliig when no
tuning elements are used.

ii) 470 570
Frequency [C%]

Fig. 7. Coupling coefficient &tween the S1S junction and
the antenna for 492 GHz: curves a), c) and d) correspond to
the designs in Fig.5.a, 5.c and 5.d, respectively and e), which
is C1OWto zero, is coupling when no tuning structures are
used.

Significant improvement in the bandwidth can be achieved
by replacing the part of the MSL (the quarter of the wavelength
long MSL) by multiple section Chebyshev transformer (Fig.
5.b). In that case the bandwidth is larger if more sections are
used. We use a three section Chebyshev transformer which
consists of one coplanar waveguide (CPW) and two microstrip
lines (MSL2 and MSL3), each one quarter wavelength long.

The reason for using coplanar waveguide is that the
maximum characteristic impedance of microstrip line is two low.
The range of the practically realizable characteristic impedances
of any transmission line depends on: 1) fabrication process
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limitations such as the minimum line width and the minimum
separation between two lines, 2) excitation of higher order
modes which can be prevented by keeping the lateral dimensions
of the transmission line below a quarter of the wavelength. In
the case of the coplanar waveguidc which rdways reaches the
center of the antenna (Fig. 4) the limit values for the
characteristic impedances are rdso defined by the dimension of
the antenna at its center. The impedmtce limits calculated for this
fabrication process arc shown in Table 1.

E3z[a13==I
k&z!LP’(d’a)-lMd

Table 1. Comparison of the characteristic impedance limits

for the following fabrication process parametem (E=4, h=O.3
pm, minimum line-width and spacing between two lines=2
IMII) ffcquency=492 GHz). The letter ‘m’ indicates that the
limit is caused by higher order modes, the letter ‘d that it is
caused by minimum dimensiom and the letter ‘a’ that the liiit
is due to the dimensions of the antensra.

The antenna excites the odd propagation mode in the
coplanar waveguide that makes the ccmnection between the CPW
and MSL3 possible (Fig. 5.b)[12]. Although this design gives
extremely large bandwidth at lower frequencies (80 GHz 3-dB
bandwidth with the coupling of 85 % at 98 GHz Fig. 6.b) it is
practical at higher frequencies only if high current density and
small area junctions are used. If we were to use this design for
492 GHz the junction capacitance is w high that the resistance R
is very small (Fig. 3,). As a result the third section of the
Chebyshev transformer (MSL2 Fig, 5.b.) would need to have
an impedance less than 1Q which is out of the range shown in
Table 1. However, the solution with Chebyshev transformer
gives excellent results with small area and high current density
junctions [18].

DESIGN #2

The best designs for high frequencies are shown if Fig. 5.c
and 5,d, The tuning circuit is composed of two parts: 1)
inductive elemen~ ancl 2) transformer, The inductive element is
a combination of an open-ended superconducting radial stub and
short, high impedanco superconducting microstrip line MSL1.
The radial stub is designed to make a broadband short at RF
frequency at the place where it is connected to MSL1. Instead of
the radial stub an openl-ended one quarter wavelength long MSL
can be used. MSL1 provides a small inductance necessary to
tune out junction capi~citance at the central frequency. In Fig.
5.c one quarter wavelength long microstrip line (MSL2) is used
as the transformer which transforms junction RF resistance to
the impedance of the antenna.

The 3-dlB bandwidth can be influenced independently by
three elements: 1) radlial stub, 2) short micmstrip line (MSL1)
and 3) transformer. To achieve bigger bandwidth larger angle
radial stub and larger characteristic impedance microstrip line
(MSL1) should be used. In Fig. 6.c it can be seen that ttte 3-dB
bandwidth of 33 GH:z with 79 % coupling is achieved at 98
GHz. At 492 GHz bandwidth is 66 (GHz with 75 % coupling at
the centmd frequency (Fig.7.c).

Similarly as with the design in IFig. 5a, this design can be
improved by using multiple section Chebyshev transformer.
Although at smaller frequencies tlhis improvement is really
significant, at higher frequencies it does not make much change
due to the large junction capacitance. As a result, extremely
large bandwidth of 102 GHz with ccmpling of 79 % is obtained
at 98 GHz, and bandwidth of 75 GHz and coupling of 81 70 at
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492 GHz (Fig.6. d. and Fig. 7. d. respectively).

SCALE MODEL MEASUREMENTS

We have made microwave scale model measurements of our
tuning structures. The structures am modeled with copper tape
and therefore the superconducting surface impedance is not
included. We have built the tuning circuit on a 30 cm thick

polyethylene block, with er = 2.2. For the dielectric in

microstrip lines we have used 1 mm thick mylar with Er = 2.9.
The circuit parameters are fiist optimized by the “Touchstone”
RF simulation program [17] to achieve large bandwidth. By
using the available dielectric constants and optimized parameter
values the physical dimensions of scale models are calculated.
Measurements are done for the circuits designed with the central
frequency of 295 MHz. Scale models are measured in the
frequency range from 150 MHz to 550 MHz. To model the S1S
junction, a parallel connection of resistor R = 10 ~ and capacitor
C = 150 pF is nsed. The structure is fed through 50 S2coaxial
cable and the reflection coefficient is measured with an
HP8720B Vector Network Analyzer. We have made
measurements using both a large ground plane and a log-
periodic antenna shaped ground plane. Both measurements
show excellent agreement with the simulation results. In Fig. 8
we present scale model results for the circuit shown in Fig. 5.c.

g 15J.50”
250 350 450

0u 1(X3

%

& -1~:

oh
~ -150:
a’ ~—

--200
: .’

—

Frequency MHz]
Fig. 8. Results of the scale model measurements compmd
to the simulation results for the stmcttnt with the equivalent
circuit in Fig. 5.c.

CONCLUSION

Broadband tuning structures for 98 GHz and 492 GHz have
been presented. The proposed configurations are suitable both
for quasi-optical S1S mixers and S1S waveguide mixers.
Proposed structures are realizable up to very high frequencies,
and they give excellent coupling and large bandwidth even with
large area junctions. By using larger current density and smaller
area junctions, significantly larger bandwidth could be achieved.
The scale model measurements done at the central frequency of
295 MHz have shown excellent agreement with the computer
simulation data, which confms our designs. The integrated

mixers are being fabricated in cooperation with Westinghouse
Science & Technology Center.

ACKNOWLEDGEMENTS

This work is supported by the NSF under grant ECS-
8857868.

REFERENCES:

1. M.J. Wengler, “Submillimeter wave detection with
superconducting tunnel diodes”, Proceedings of the IEEE,
1992. .

2. V.Y. Belitsky, M.A. Tarasov, S.A. Kovtonyuk, L.V.
Filippenko and O.V. Kaplunenko, “Low Noise Completely
Quasioptical S1S Receiver for Radioastronomy at 115 GHz”,
21st European Microwave Conference, Stuttgart, Sept. 1991.

3. A.B. Ermakov, V.P. Koshelets, S.A. Kovtonyuk and
S,V. Shitov, “Parallel biased SIS-arrays for mm wave mixers:
main ideas and experimental verification”, IEEE Trans. Magn.,
vol. MAG-27, no, 2, Match, 1991.

4, J.A. Carpenter, A.D, Smith, E.R. Arambula, L.P.S.
Lee, T. Nelson and L. Yujiri, “100 GHz S1S Mixer with
Improved RF Matching”, IEEE Trans. Magn., vol. MAG-27,
no. 2, March 1991.

5. A.R. Kerr, S.-K. Pan and M.J. Feldman, “Integrated
tuning elements for S1S mixers”, Int. J. of IR and MM Waves,
vol. 9, no. 2, pp. 203-212, 1988.

6. S.-K. Pan, A.R. Kerr, M.J. Feldman, A.W.
Kleinsasser, J.W. Stasiak, R.L. Sandstrom and W.J.
Gallagher, “An 85-116 GHz S1S Receiver Using Inductively
Shunted Edge Junctions”, IEEE Trans. Microwave Theory and
Techniques, vol. MTT-37, no. 3, pp. 580-592, March, 1989.

7. A.R. Riiislinen, W.R. McGrath, P.L. Richards and F.L.
Lloyd “Broad-Band RF Match to a MilIimeter-Wave S1S Quasi-
Particle Mixer”, IEEE Trans. Microwave Theory and
Techniques, vol. M’IT-33, no 12, pp. 1495-1500, Dec. 1985.

8. D.P. Woody, “Series RF/Parallel LF Mixer Array”, US
Patent 4,955,085, September 4, 1990.

9. M.J. Wengler, D.P. Woody, R.E. Miller and T.G.
Phillips, “A low noise receiver for millimeter and submillimeter
wavelengths”, International Journal of Infrared and Millimeter
Waves, vol. 6, no. 8, p. 697-706, 1985.

10. T.H. Biittgenbach, R.E. Miller, M.J. Wengler, D.M.
Watson and T.G. Phillips, “A broad-band low-noise S1S
receiver for submillimeter astronomy”, IEEE Trans. Microwave
Theory and Technique, vol. MTT-36, pp. 1720-1726, 1988.

11. R.L. Kautz, “Miniaturization of Normal-State and
Superconducting Striplines”, Journal of Res. of the National
Bureau of Standards, vol. 84, no.3, pp. 247-258, 1979.

12. K.C. Gupta, R. Garg and I.J. Bahl, Microstrip Lines
and Slotlines, Norwood, MA: Artech House, Inc., 1979.

13. J,F. Whitaker, R. Sobolewski, D.R. Dykaar, T.Y.
Hsiang and G.A. Mourou, “Propagation Model for Ultrafast
Signrds on Superconducting Dispersive Striplines”, IEEE Trans.
Microwave Theory and Techniques, vol. M’IT-36, no.2, pp.
277-285, 1988.

14. H.A. Atwater, “Microsrnp Reactive Circuit Elements”,
IEEE Trans. Microwave Theory and Techniques, vol. MTf-31,
no. 6, pp. 488-491, 1983.

15. M.J. Wengler, N. Dubash, G. Pance, and R.E. Miller,
“Josephson Effect Gain and Noise in S1S Mixers”, IEEE Trans.
Microwave Theory and Techniques, vol. 40, in press, 1992.

16. J.F. Whitaker, “Ultrafast Electrical Signals:
Transmission on Broadband Guiding Structures and Transport
in the Resonant-Tunneling Diode”, University of Rochester,
PhD. Thesis. 1988.

17. EES~f~Inc., Westlake Village, CA.
18. T.H. Biittgenbach, Personal Communication.
19. Note that there is a mistake in reference [13]: equation

(5) should be replaced with Z=j2?@ogl+2Z.(t3g*.

340


