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Abstract

Quantum Tunneling and Heterodyne Detection

in Superconducting Tunnel Junctions

Nuray George Ugras
Yale University
1993

The quasiparticle susceptance and conductance of a superconducting tunnel
junction was measured including the singularity in the quasiparticle susceptance
at the gap voltage. Results are compared to existing theories of superconductive
tunneling, and the results agree well with theory. An analogy to a two-level
atomic system is developed to explain the photon assisted tunneling process and
its dependence on the dc bias voltage and the signal frequency.

A w-band SIS receiver with no mechanical tuners was built. This receiver
performed as well as other comparable receivers in its frequency range. Mixer
gain larger than unity was observed over the full frequency band. The
quasiparticle susceptance was utilized as a voltage controlled tuning element for
a SIS mixer. This is the first integrated and electronically variable tuning element

demonstrated for a SIS mixer.
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I - Introduction

A theoretical understanding of the superconducting tunnel junction was
achieved over two decades ago. Applications of the tunneling current include
extremely sensitive magnetometers, high frequency oscillators, and detectors. This
thesis examines mainly the quasiparticle tunneling currents in a superconducting
tunnel junction. The Cooper pair currents are briefly discussed as possible tuning
elements.

Quasiparticle tunneling currents flowing in a superconducting tunnel
junction were discovered by Giaever in 1960. Subsequently it was discovered that
the tunneling of electrons was enhanced by a radiation field in a quantized manner.
This led to attempts at using this effect to detect electromagnetic radiation at high
frequencies. Since then superconducting tunnel junctions have found extensive use
as radiation detectors. The most sensitive detectors use the strong non-linearity in
the quasiparticle tunneling current as a heterodyne mixing element. Such receivers
based on the SIS (superconductor-insulator-superconductor) tunnel junction are
now the dominant technology for astronomical receivers in the mm-wave band.

In spite of the rapid and impressive progress in this field, it still is more a
field of research than one of development. This is due to the many materials issues,
and the need of the radioastronomy and cosmology communities for detectors with
quantum sensitivities which can only be achieved with very careful and application
specific design. There are also some unanswered questions relating to the
understanding of the tunnel junction. This thesis will try to address some of these.

The SIS receivers with the lowest noise and highest gain have often had
mechanical tuning elements or a narrow bandwidth. This is a drawback for the
development of focal plane arrays, where a large number of imaging elements

would have to be tuned individually for every frequency. We have demonstrated a
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good model for a single channel of a focal plane array receiver. The receiver
employs a SIS mixer mount with a large instantaneous bandwidth around 100 GHz
without mechanical tuning elements. This mixer performs comparably well as
other SIS receivers.

Even though SIS mixers have employed quasiparticle tunneling currents, the
currents were not observed until very recently. This recent work was very limited
in its scope, i.e. it only looked at a limited bias range for a very small rf power level.
We have, in this work, measured these tunneling currents for all bias voltages and
for various rf power levels. This is the first observation of the singularity in the
reactive quasiparticle current at the gap voltage. In this thesis I will examine how
these currents scale with frequency and what the implications might be for mixers
at high frequencies.

The reactive quasiparticle admittance of a superconducting tunnel junction is
then successfully employed as the tuning element for a SIS mixer. This is the first
demonstration of an electronic on-chip tuning element for a superconducting
detector. We observe an increase in the dynamic resistance and an improvement in
mixer gain and noise temperature as the dc bias voltage of the tuning junction array
is varied.

Finally a new device concept is presented. The proposal is to use the voltage
dependent quasiparticle admittance of the superconducting tunnel junctionasa
voltage controlled phase shifter. Three configurations are presented, which would
provide voltage-variable on-chip phase shifting. The upper frequency limit of these
elements may be as high as the gap frequency of the superconductor (0.7 THz for
NbD). Such circuit elements could be utilized in superconducting systems in
telecommunications, phased-array radar antennas, oscillators and in

superconducting receivers.



II - Theory of SIS Tunneling and Heterodyne Detection

The work presented in this thesis relies on the tunneling characterisﬁés of
a superconducting tunnel junction. In this chapter the relevant theoretical
conclusions of SIS tunneling related to heterodyne mixing are presented. This is
a very brief summary of a rather complicated theory, and relates the significant

results without trying to duplicate the rigorous mathematical derivations.

2.1 SIS Tunneling:

Excellent reviews exist for the tunneling properties of superconducting
junctions [Tinkham, 1975; Bruynseraede, 1990; Barone, 1982; Van Duzer and
Turner, 1981]. In a superconductor at zero temperature, all electrons exist in a
ground state in pairs called Cooper pairs. Excitations from this ground state
occupy single electronic states and are called quasiparticles [Bardeen, 1957]. A
superconducting tunnel junction, also referred to as a superconductor-insulator-
superconductor (SIS) junction consists of two superconducting electrodes
separated by a thin insulating layer. The thickness of the insulator must be small
enough to allow tunneling. In such a tunnel junction quasiparticles are of
primary importance as they cause a sharp non-linearity in the dcI-V curve at the
gap voltage. The full tunneling current in a superconducting junction has been
theoretically studied by Werthamer (1966), Harris (1974,1975) and others.

At zero voltage the Josephson coupling between the two electrodes results
in a finite dc current. This current is due to the flow of Cooper pairs and its
magnitude depends on the phase difference across the barrier. The Josephson
current is discussed further in Chapter 6. Most of this thesis work concerns the
measurement and applications of the quasiparticle currents. Thus, the Josephson

currents will be ignored. This is justified when the devices are biased far from
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zero voltage and the junction capacitance is relatively large. Both of these
conditions are met in our devices.

The quasiparticle dc current depends on the density of states in the two
electrodes. This density is given by:

D(E)E =N(0) ———dE IEI2A

2 2
(£'-<)
D(E)JE=0 IEl<a 21

where N(0) is the density of states for the metal at the Fermi energy [Bardeen,
1957]. To describe tunneling, these excitations can be thought of as hole-like
excitations for k states below the Fermi wavevector and electron-like excitations
for above the Fermi. An applied voltage shifts the Fermi level of one electrode
with respect to the other. The tunneling current can then be calculated from the
density of available states that the quasiparticles can tunnel into. The
quasiparticle density of states at T=0 is shown in Fig. 2.1a for a tunnel junction
with identical electrodes.

Fig. 2.2 shows the dc tunneling I-V curve for an ideal tunnel junction at
T=0. The current at zero voltage is the Josephson current. In the quasiparticle
branch of the I-V curve, there is no current flowing for voltages below the gap
voltage since there are no available states for tunneling. The gap voltage
measures the sum of the gap energies of the two superconducting electrodes:

Ve =(8,+4;) /e, 22

and for identical superconductors V,, =24 / e. Since the gap energy depends
on temperature, so does the gap voltage. At the gap voltage the singularities in

the densities line up across the tunneling barrier, thus, there is a sharp onset of
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tunneling current. The magnitude of this current rise is determined by the
coupling between the electrodes, i.e. the barrier thickness.

In the presence of rf radiation, the tunnel junction I-V curve exhibits
photon assisted tunneling steps [Tien and Gordon, 1963). Figure 2.3 shows such
steps for a given rf power for two different embedding circuits for the junction.
Fig.2.1b is illustrative in understanding the origin of photon assisted tunneling.
In this figure it is shown that a quasiparticle can absorb a photon and tunnel
across resulting in a net dc current while the junction is biased below the gap
voltage. The onset of this current for a single photon absorption process is at one
photon energy below the gap voltage. This process is discussed in detail in
Chapter 5.

2.2 Heterodyne Detection:

SIS heterodyne detectors have proven to be the most sensitive detectors
for radioastronomy [for a review see Wengler, 1992; Blundell, 1992; Gundlach,
1989] in the frequency range extending from 100 GHz up to 700 GHz. Primary
subjects of investigation in this field include interstellar molecular clouds, and
star formation [Phillips and Keene, 1992]. The frequencies of interest are
determined by the spectrum of molecular transitions, and limited by the
absorption of the earth's atmosphere. Currently there is substantial effort to
improve the existing SIS detectors and also to develop new detectors for the 700 -
1000 GHz frequency range. Since molecules are line sources, heterodyne
detection is desirable, and yet a large bandwidth of tunability is necessary to
observe at more than one frequency.

In a heterodyne detector a small amplitude signal is fed into a non-linear
(mixing) element along with a large amplitude local oscillator signal (Fig.2.4).

The output of the mixer at the difference (or intermediate) frequency carries
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information about the phase and magnitude of the signal [Torrey and Whitmer,
1948). The intermediate frequency is usually low enough to be amplified and
detected using readily available technology. The mixer in a heterodyne system is
usually the most critical element in determining the system noise. The figure of
merit for a heterodyne detector is the receiver noise temperature given by:

T

T, =Tm +-é!'f-, 2.3

where T, is the mixer noise temperature, Tjt is the noise temperature of the if
system, and Gp, is the mixer gain defined as the ratio of the if output power of
the mixer to the input signal power. The Dicke radiometer formula [Dicke, 1946]
states that the integration time At necessary to obtain a given signal to noise ratio

in a given bandwidth Af is related to the receiver noise temperature by:

SNR=%S-JAt Af. 24
R

Thus a factor of two improvement in noise temperature can decrease the
observation time by a factor of four.

The sharp non-linearity of SIS junctions makes them desirable as mixing
elements. In the classical analog we assume that the dc I-V curve is modulated
by the local oscillator signal (wjo), and this in turr: mixes with the input signal
(ws) due to the non-linear I-V characteristics. The amplitude modulated output
has a component at the difference frequency, wif =wjo - ®s. This component can
be detected and carries amplitude and phase information about the input signal.
In a classical mixer both the input lo admittance and the output if admittance are

usually close to dI/dV at the bias point. The double sideband gain in a classical

6



mixer is limited to one half, and the noise is the sum of all shot noise and other

noise components [Torrey and Whitmer, 1948].

2.3 Quantum Theory of Mixing:

Introducing quantum effects results in a more accurate explanation
[Tucker, 1979]. The response of the tunnel junction to a single frequency is
complicated and will be discussed in detail in Chapter 5. For understanding of
basic mixer concepts, the existence of photon assisted tunneling steps is
sufficient. The shape of these steps depend on the embedding admittance of the
device as shown in Figure 2.3. For certain embedding admittances the tunneling
steps can be flat or even have negative slopes [McGrath, 1981; Smith, 1981; Kerr,
1981). The slope in the center of a step is defined as 1/Rp where Rp is the
dynamic resistance. The simplified circuit models for the dc bias, signal input
and if output are shown in Figure 2.5.

When the junction is biased in the middle of a photon step and a test
signal is applied along with the local oscillator signal, mixing between the two
signals occurs. This produces a voltage at the input port of the if amplifier. If the
intermediate frequency is much lower than the signal frequency, then the output
admittance of the mixer at the if port is equal to the dynamic resistance (Rp) at
the bias voltage, Vo. The dynamic resistance as shown in Fig. 2.3 can be infinite
or negative for certain range of embedding admittances. In this circuit model the
SIS mixer acts as a constant current source and the available output power is
(1if)?Rp/8 [McGrath, 1981). Thus the available output power scales with the
dynamic resistance and the gain is much larger than unity when the dynamic
resistance is very large or negative. The measured gain however depends on the
impedance mismatch between the mixers if output and the amplifiers input. For

example a SIS mixer with a very large or negative dynamic resistance will have a
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large available gain, but the measured gain will be small if the if amplifier input
impedance is 50Q2. Gain larger than one has been observed in some SIS mixers
[for example: Winkler, 1991a; Kerr 1981; McGrath, 1981], however there are
practical limits as to how high the gain can be. One limitation is due to
saturation which occurs when the if output voltage swing approaches a small
fraction of the width of one photon step [Feldman, 1987a].

It should be pointed out that the main difference between the classical
analog and the full quantum theory is the admittance of the device. In the
classical analog the device conductance is equal to the first derivative of the dc I-
V curve. In the quantum theory the device conductance is more complicated,
and in addition there is a voltage dependent susceptance. This susceptance has
been established to be necessary to observe gain larger than unity in these
devices [Mears, 1991b). .

A matrix formalism is used to correlate the response of the SIS tunnel
junction at different relevant frequencies. This multiport heterodyne mixer
model includes ports for the local oscillator, the signal, the intermediate
frequency, and their harmonics. The conversion properties are determined from
the dc I-V characteristics of the SIS tunnel junction, and the embedding
admittance. A small signal admittance matrix relates the voltages and currents at

all frequencies involved:

in=2YomVms 25

where m is a number denoting the frequency wn in consideration:

O, =Mmo+,, 2.6



where @ is the local oscillator frequency and wj is the output (or intermediate)
frequency. In this formalism m=1 corresponds to the input signal port and m=0
to the if output port; for example Yp; is the ratio of the if output current to the
signal input voitage. In a classical mixer the elements of this admittance matrix
are inferred from the dc I-V curve and its first derivative which gives the
conductance. Tucker formulated these matrix elements for a quantum mixer,
where the conductance is quantized and there is a finite quantum susceptance
[Tucker, 1979; Tucker and Feldman 1985). This explains the interaction of the
junction with the local oscillator, the signal and their higher harmonics.
Considering all harmonics requires knowledge of the admittances relating
currents and voltages at all frequencies. This results in a very lengthy calculation
as the admittance matrix becomes large.

One common case is when the intermediate frequency is small and a three
port approximation can be used. In this case, two situations pertain: 1) the local
oscillator and the signal are close enough in frequency such that the junction
admittance is the same for both, and the detector is in the double side band (DSB)
mode, 2) the junction is not in the quantum regime at the if frequency. Then the
if port admittance is the dynamic resistance at the bias voltage and the
admittance of the junction at the lo frequency is all that is needed for calculating
mixing parameters.

Here I will quote some important results of such a calculation. Let us

define some dimensionless parameters used to characterize the mixer:

2G GG
GOl GmGll
G G
= =—k 27
gS ZGH gL Gm



In these equations the subscripts S and L refer to the source (local oscillator) and

load (if) respectively. The conversion gain of the mixer is then given by:

L‘l =L -1 Tle > 4gL
(1+8s) (gL+gL°)

5 28

where

1+gg

The expression for the gain diverges for g; ° <0. Thus, infinite gain can be
obtained in a SIS mixer for certain embedding admittances which in turn
determine the G (or Y) matrix elements above.

The shot noise current of the SIS mixer is usually the main source of noise.
This is given by the H-matrix elements relating input/output currents. An
interesting result of the quantum theory of mixer noise is that the shot noise is
not directly related to the magnitude of the photon assisted dc current. A
possibly more obvious result is that the subgap leakage current is the main
contribution to the shot noise. There is a minimum achievable noise temperature
in a double sideband heterodyne mixer approximately equal to iw / k(7K at
100 GHz). Another source of noise is the thermal fluctuations in the dissipative
terminations at various ports. The noise in the SIS mixers reported in this thesis
and also in most other mixers operating away from the quantum limit is believed
to be mostly due to the shot noise. This proves the importance of high quality
tunnel junctions in obtaining low noise. Noise in this context is discussed in
detail by various authors [Feldman, 1987a; Wengler and Woody, 1986; Caves,
1982]. The effect of the embedding circuitry on receiver performance is mostly

on the mixer gain.

10



Recently, due to an increase in computational capabilities 5-port and 8-
port calculations have been carried out as well [Kerr, 1993; Tong, 1990]. The
implication of that calculation for this thesis is that for most of the devices
reported here the three port approximation may introduce large uncertainties.
This is because the ®RyC products of our devices ranged from 0.9 to 4. For
devices with an @R,C product of one, the three port approximation can

underestimate the mixer noise by a factor of two [Kerr, 1993].

11



“JuoLImd 19U ¢ ur Junnsal ssosde sjpuun) pue uojoyd e sqrosqe apuaedisenb y -adwjoa ded ayy mojaq

paseiq st uopoun( J, (q 9POLII[D 19 3} Ul UOHEIDXD I d[0Y ¢ Suneald ‘ajuis A[qejIeAr ue 0} SSOIdE s[auun)
apnaedisenb ay snyy, *AS19ua ur dn paury aze sonueinSuis oy se 23ejoA Sy} JL SSOIE [PUUN} ULd apnJedisenb
v vz 2 stuanym aeion dud oy je paserq st uopdun{ oYL (¢ [eHIILW dWLs 3y JO SIPOLIIYD Sunonpuodiadns
oM} M uopoun{ puuny e 10§ sajels jo Ljisuap apnaedisenb ays jo uonviuasaidal 10}onpuodIWaAS YL 11T 2mBL]

& 7,

o>®

emacfemcccectee¥ontee

G

AQV ._&u:c.:ou._om:m loeqnsu] ._o..u:_EoEom:m Amv

12



—t

Q

s e > A T - — - D I D WS WD

CURRENT -

o ——————————_—d

C<fl ISRy,

o]
o

VOLTAGE  “eap

Figure 2.2: The d¢ I-V curve for an ideal SIS tunnel junction. The zero voltage
current L. is the Josephson current due to the flow of Cooper pairs. The rest of
the curve is called the quasiparticle branch. No quasiparticles flow at voltages
below the gap voltage as there are no states to tunnel into. Above the gap, the
resistance approaches the normal state resistance, Rn.
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Current

Figure 2.3: Theoretical photon assisted tunneling curves for a Nb/AlOx/Nb
tunnel junction at 90 GHz for two embedding admittances. Curve a is for an
inductive embedding admittance of Yemb=1-j0.5. Curve b is for a capacitive

embedding admittance of Yemp=1+j1. These admittances are normalized to the
normal state conductance, Ry1.
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Figure 2.4: Schematic diagram of a heterodyne detector for radioastronomy. The
coupling into the mixer can be quasioptical or waveguide based. The power
spectrum to first order includes the local oscillator , the signal, the intermediate
frequency, and the image frequency. A double side band (DSB) receiver
responds evenly to the image and the signal.
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Figure 2.5: Simplified circuit models representing bias conditions for the mixer at
various frequencies (ports). a) The dc bias circuit. The load line is determined by
the load resistor in the control drcuitry and can be varied. b) The if output
circuit. For a small if, Rp is the dynamic resistance of the junction at the bias
point. The if output of the junction is represented as a current source. ¢) The rf
equivalent circuit. Yemp includes the local oscillator output admittance and the
junction capacitance.
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I1] - Yale Mixer Desi

The goal of our receiver work is to demonstrate the applicability of SIS mixers for
focal plane array receivers in radioastronomy. The requirements for such a
system are that:

a) each channel has about the same rf input and if output impedance,

b) no mechanical tuning elements are needed,

¢) individual elements are robust.

3.1 Design Considerations:
For this goal a single channel SIS receiver is constructed. A waveguide coupling
scheme is chosen since waveguide structures, in general, can be easily and
accurately reproduced. The alternative approach is a quasioptical coupling
scheme, which in the past suffered from poor coupling efficiency [Xizhi, 1985].
More recent advances in quasioptical systems however have overcome this
shortcoming [Zmuidzinas and LeDuc, 1992].

The if output resistance of the mixer is the differential resistance of the dc
I-V curve in the middle of the first photon step, for a small if as discussed in
Chapter 2. This resistance can be rather large or even negative for a well rf-
matched device. To obtain large gain in such a case one must use an if
transformer to transform this output impedance to the 50 Q input impedance of
a typical if amplifier [Zmuidzinas and LeDuc, 1992]. Since if transformers limit
the operational bandwidth of a receiver, and introduce possible problems of non-
reproducibility, we do not use one. The tunnel junction has to directly drive the
50 Q input impedance of the if amplifier at 1.5 GHz. Simultaneously the rf

impedance of the mixer needs to be matched to the source impedance of 346 Q at
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mid-band. In the final design this impedance is transformed to 50 £, and the SIS
tunnel junctions are also designed to have a normal state resistance of 50 Q.

The wR{C product, where Ry, is the normal state resistance of the tunnel
junction, is a very important quantity in determining various junction properties.
The Q factor and the bandwidth of the quasiparticle mixer is a function of the
®RC product. Italso determines the effect of the capacitance for a given
embedding circuit. For an SIS tunnel junction the Q factor is given by;

Q= RrC, 3.1
where Ryfis the resistance of the junction at the signal frequency.

One would want a low Q circuit for easier rf coupling; for Q<1 one does
not need a tuning inductor to resonate the capacitance. A small Q for a given rf
resistance means a smaller capacitance. Since tunnel junctions are highly non-
linear, they can respond to and also generate higher harmonics of the input
signal. These harmonics can pfoduce noise components within the bandwidth of
the device and saturate the if output or add output noise [D'Addario, 1988]. A
finite capacitance is desirable to shunt these higher frequency currents. From
experimental evidence at 100GHz, ®RpC = 3-4 is believed to be a good
compromise, when the capacitance is resonated [Tucker and Feldman, 1985].

There have been attempts to calculate how the @RnC product should scale
with frequency for optimum operation. One needs to consider the junction
resistance at the signal frequency and at its harmonics. The ratio of these two
resistances is approximately constant as a function of frequency. Kerr and Pan
(1990) empirically derive at a scaling function using this approximation for a
constant Q factor. Blundell and Winkler (1991) use a piecewise approximation to
the dc I-V curve and assume R=2Ry, which is accurate for a frequency equal to
half the gap frequency.

The resulting scaling functions are given by:
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where vis the normalized signal frequency (y = f/fg, f5~700 GHz for Nb).

My calculations use a real I-V curve for a typical power level (a = 1) used
in mixing experiments. The bias voltage is fixed in the middle of the first photon
step where most mixing experiments are performed. The results of these
calculations are shown in Fig. 3.1. All figures are normalized such that @R,C =4
at 100 GHz. We see that there is not a large difference between the calculations
in spite of the different approaches. The practical implication is that @R,C
should approximately scale as 1/f. Note that all these calculations ignore two
very important effects: the quasiparticle susceptance and the Josephson currents.
These effects are discussed later in this thesis.

The capacitance of a tunnel junction depends on the barrier thickness, d,
and on the area, A as: C =€, €, A/d, where &; is the dielectric constant of the
insulator. The normal state resistance, Rp depends on the area and the critical
current density, J((d); Rn~1/[J«d) Al. Jcis approximately an exponentially
decreasing function of the barrier thickness [Kleinsasser, 1993]. This dependence
on barrier thickness is much stronger than that of the capacitance (linear vs.
exponential). Thus the RnC product is nearly independent of the junction area
and depends on the current density as: |

R Cot

33
Je
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Since the calculations above indicate that for optimum rf matching to a constant
impedance source ®RnC should scale as 1/, the current density Jc must increase
approximately as w?.

Another factor determined by the @RnC product is the relative strength of
the reactance of the device. As we will see in Chapter 5, the magnitude of the
quasiparticle reactance is proportional to the normal state resistance. Thus fora
given RyC, the effect of the reactance is smaller for a large capacitance device.
This reactance can have a substantial effect on mixer performance. This further
complicates the choice of the ®RyC product necessary to obtain good
performance with SIS mixers. This is because most of the previous experiments
and calculations involved junctions with large ®RyC products (>4), in which case
the capacitive admittance or the external tuning inductive admittance dominates.
Recently devices with lower wRyC products (<4) have been tested and modeled.
In our work and that at Berkeley the calculations have shown that at 100 GHz for
devices in the quantum regime mixing parameters cannot be accurately
determined if the quasiparticle susceptance is ignored [Mears, 1991a; Mears,
1991b). Figure 3.2 shows the quasiparticle susceptance as a function of frequency
along with the conductance for a junction biased in the middle of the first photon
step. Note that there is a sharp decrease in the susceptance at high frequencies.
This implies that the effect of the susceptance in mixing experiments becomes

less important as the frequency is increased.

3.2 Mixer Block and Chip Layout:

Figure 3.3 shows the waveguide mount and the circuit setup used in scale
modeling measurements. Figures 3.4 shows the microstrip circuit and an
equivalent electrical model, while Fig. 3.5 has the detail of the chip area. The

transformation of the waveguide impedance from the mid-band value of 346 Q to
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50Q is done by a 4-step Chebychev transformer circuit (Fig. 3.3). In theory this
should produce a 1.05:1 VSWR (Voltage standing wave ratio) over the
waveguide band. VSWR is a measure of the coupling efficiency such thata
VSWR of 6:1 coﬁesponds to a reflection loss of 3dB. Scale modeling results are
close to this value. The physical realization of the circuit consists of a single ridge
in the E-plane canter of a WR-284 waveguide ( WR-10 in the actual mixer mount),
with four Ag/4 long steps each of different height, where the height determines
the impedance of each section. Stray capacitances and inductances are ignored in
the design.

Aside from the impedance transformation, the ridge also transforms the
TEj0 waveguide mode to a quasi-TEM microstrip mode. The mode of
propagation in the last step of the ridge is a TEM mode, but the E-field lines close
to the edges are bent. This is close to the quasi-TEM mode that propagates in a
microstrip. The 50Q output of this final step then makes contact to the 502 input
microstripline (point A), with a length of Am/4 (Am=Ao/3, Ao is the free space
value). This quarterwave length of stripline serves the same purpose as in anti-
reflection coatings in optical systems, i.e. reflections interfere destructively to
minimize standing waves. The tunnel junction is placed between this input
microstrip and a radial stub (point B).

Radial stubs provide rf-grounds at their apex when the dimensions are
properly chosen [Vinding,1967; Syrett,1980; Atwater, 1983]. In general the radius
determines the center frequency while the angle sets the effective bandwidth.
They have about three times the bandwidth of quarterwave transformers, and
are less sensitive to variations in dimensions. Thus the rf-voltage is developed
across the tunnel junction. The if signal generated by the junction is extracted via
the high impedance line connected to the apex of the radial stub. This lire is also
used to dc-bias the tunnel junction. The dc and if ground is thus provided by the
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waveguide which is connected to the ground plane of the microstrip and the
dewar. At the if frequency the length of the microstripline circuitry is less than
Am/20, with a lumped capacitance of about 0.5 pF to the ground plane. The if
and dc biasing lines are subsequently separated via a bias tee consisting of a
wirewound inductor and a capacitor. The two radial stubs at E and F following
the 90° stub provide additional isolation of the rf signal and increase the effective
bandwidth of the rf-ground.

3.3 Devices:

The Nb/ A1-Ox/Nb trilayer tunnel junctions used in this work were
fabricated at the Westinghouse Science and Technology Center by A.H.
Worsham [Worsham,1991a). Typical device characteristics are listed in Table 3.1.
The fabricated device areas were as small as 0.5 p.mz, with expected current
densities up to 5000 A/cm2, and Vm-values of 40mV (at 2 mV and 4.4K). The
device area is estimated from visual inspection, and the capacitance is calculated
using this area and a specific capacitance of 45 fF/um?2. The inferred @RxC
product for these devices ranges from 1 to about 3. The wRnC product does not
seem to scale with J. as expected from Eq.3.3. This could be due to errors in
estimating J, the junction area, or the specific capacitance. A modified SNIP
technique is developed to produce such small junctions. Fifteen different
configurations in a total of 102 mixer chips are fabricated on 25.4 mm x 25.4 mm
x 50 um fused and crystal quartz wafers. Fused quartz is used as the substrate
due to its low loss and low dielectric constant (er = 3.8). A substrate thickness of
50 um is chosen as the maximum thickness at which radiation losses and
substrate modes do not have a major effect. Single SIS junctions as well as 2 and
4 junction arrays with individual junction areas of 0.5 pm?2 up to 4 um? are

included in the designs.



Table 3.1: Parameters of devices tested as mixers in this work. The quoted J¢

values are determined from measurements of large area junctions. The

capacitances are calculated from the expected device area using a specific

capacitance of 45fF/pm?2.
Device | Junction |Number | Jc(A/cm?) | Rn(Q) @RC
Area (um)2|  of (expected) | (measured) | (100GHz,
Junctions estimated)
A 0.5 1 5000 71 1
B 0.5 2 3000 431 3
C 0.5 2 3000 125 0.9
E 0.5 4 3000 619 2.2
I 4 4 3000 124 3.5
3.4 Integrated Tuner:

The initial testing is done with no tuning elements, and also with an

integrated inductor to resonate the geometric capacitance of the junction. Tunnel

junctions with @RC products less than unity have a large bandwidth such thata

tuning inductor is not necessary. Devices with larger @RnC products, however,

require an inductive tuning element to resonate the capacitance at the frequency

of operation. Mechanical tuning elements in the form of waveguide backshorts

have been used successfully by others to tune out the capacitance, but are

cumbersome and not practical for array applications. Some designs have utilized

integrated inductors in the form of open or short circuited transmission lines;

these are easy to implement. For example an open-circuited transmission line
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has an input impedance that is purely reactive. However since this reactance is a
very strong function of the electrical length of the stub, the bandwidth of such a
configuration is relatively small. Such a tuning scheme restricts the operational
bandwidth to about one third of the bandwidth which can be obtained with a
real inductor. This bandwidth is given by wR{C.

Ideally one would like to place a non-dissipative inductor in rf-parallel
with the tunnel junction, without shorting the currents flowing at dc and if
frequencies. We have used a second radial stub to provide a dc and if-isolated rf
ground for the tuning inductor. The tuning inductor consists of a thin wire
between the input microstripline and the lower radial stub. The location of the
rf-ground provided by the upper radial stub is very close to the rf-ground of the
lower stub. There is also substantial capacitive coupling between the two radial
stubs through the 2pm wide gap between them. This capacitance is shown by
the dashed line in Fig. 3.4. The tuning inductor, at the rf frequency, is in parallel
with the tunnel junction.

The magnetic inductance of such a wire is given by [Terman, 1943]:

L(nH) = 0.2 {In([w+t]) +1.19+0.2235[w + t}/1} 34

where w is the width, | the length, and t the thickness of the wire in mm. This
wire is 2 pm wide and about 0.2 pm thick. Since both of these dimensions are
larger than the superconducting penetration depth in niobium (~0.07 um for thin
film) [Javadi,1992], the kinetic inductance of the electrons is ignored.

In the original design the effects of the two 90° bends in the wire and the
capacitive coupling between them is neglected. Subsequent computer modeling
shows up to a twenty percent reduction in the inductive susceptance of the wire

due to capacitive coupling between the closest segment. In other words,
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substantial amount of the rf-signal can be shunted through the first section into
the radial stub. This effect is less in devices with longer wires (with a larger
junction capacitance to resonate). The reason for having the wires separated by
only 2um is to have the rf-grounds provided by the two radial stubs close
together. Careful CAD modeling! however shows that this can be accomplished
without sacrificing on tunability. Unfortunately the second iteration devices
have not been fabricated.

The chip designs included devices with multiple shorting bars across the
two wires. These ladder-like structure would enable one to vary the inductance
by eliminating branches via microlithography. Since the @RyC products of our
devices are in general rather small, and receiver results satisfactory, these devices

have not been used.

3.5 Scale Model :

We have scale modeled our SIS mixer design discussed above at a much
lower frequency (2.5 - 4 GHz). The main advantage of scaled measurements at
lower frequencies is that the mixer mount and circuitry are usually much easier
to fabricate and thus several approaches can be evaluated before the design is
finalized. Also, even though microwave CAD programs are quite accurate 1,
they still have some shortcomings in estimating stray field effects, especially with
waveguide to microstrip transitions, and discontinuities. Finally, vector network
analyzers are more readily available at lower frequencies.

An HP8410 Network Vector Analyzer 2 is used for impedance
measurements. With a Reflection-Transmission test unit, phasor information on
all 2-port parameters could be obtained. Elements of the design such as the ridge
and radial stubs are first tested individually and then final measurements of the

mixer mount were made. In the final measurements we use Stycast 3.75 3 as the
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microstrip substrate, since it is more readily available and machinable than
quartz. The microstrip lines and circuits were cut out of 75 pm thick adhesive
copper tape 4.

The proper radius and angle of the radial stub are determined from the
measurements of the scattering parameter S11. A number of measurements are
performed on 90° and 180° radial stubs with radii from 7.3 mm to 10.5 mm.

The 180° stubs provide slightly more broadband terminations as expected. The'
termination impedance at the center frequency which depends on the radius,
changes little with the different radii. The optimum radiusis ro ~9 - 9.5 mm
(350pm). The numbers in parentheses following scale model results indicate the
corresponding properties for the real mixer. Stray radiation from the substrate
becomes very significant in the upper part of the band for substrates thicker than
3.2 mm (100um).

The dc /if probe line slightly degrades the performance of the rf ground
termination. To minimize this effect we use two radial stubs along the microstrip
at positions that are determined empirically. These radial stubs have the same
radius as the first rf ground termination stubs. The first (30" radial stub) has its
major effect in the middle and upper part of the band, while the second one (45°
radial stub) affects the lower part of the band. This is due to the locations of
these stubs relative to the first stub. The rf ground termination provided by the
first radial stub is such that no changes in 511 are observed for various load
terminations on the end of the dc/if line.

The ridged waveguide Chebychev transformer is designed from formulas
given by Hoefer (1982) and 4 sections are used to transform the waveguide
impedance down to 50 Q at the last ridge with a theoretical VSWR of 1.08:1
between 2.64 - 3.87 GHz (75 - 110 GHz). In the scale model this 4.6 mm (6.4 mils)
wide transformer is mounted in a WR284 (WR-10) waveguide.
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To test the performance of the scale model the return loss is measured
with a 50 € chip resistor between the /4 long 50 Q microstrip-line and the
center of the top radial stub ground termination. A 1 pF chip capacitor is added
in parallel to observe the rf matching to an untuned SIS element (Fig. 3.3). Thisis
the equivalent capacitance of a 0.8 pm? SIS junction in the actual mixer design.
Finally, a 75 pm diameter and about 5 mm long copper wire is used as an
inductor between the input microstripline and the lower radial stub in order to
tune out the capacitance. The measured reflection coefficient is shown in Fig.3.7
for an untuned element (R Il C) and an inductor tuned element (RIICIIL).

The embedding impedance seen by the SIS element is inferred from the
reflection measurements on the single ridge Chebychev transformer and on the
microstrip-line dircuit. This is done by modeling both the waveguide
transformer and the radial stub as single port elements characterized by S11
measurements done on the scale model. The measured S11 parameters are used
as input parameters, and the resulting circuit is modeled using TouchStone.

Table 3.2 summarizes the scale modeling results on the microstrip circuit and the

total mixer mount.



Table3.2:  The VSWR values and the embedding impedance at 90GHz derived
from S11 parameter measurements of the microstripline circuit and the full mixer

mount. (3 dB return loss corresponds to a VSWR of about 6:1.)

Configuration Microstripline Total mount Zemb(90GHz)
50Q 1.33:1 1.38:1 50-i10
50/ /1pF 3:1 4:1 25-i35
50Q//1pF//L 1.8:1 31 55+i15

1 Touchstone, EEsof, Westlake Village, CA.

2 Hewlett Packard, Palo Alto CA.

3 Stycast 375, Emerson & Cuming Inc. Canton MA.

4 Electrical tape No. 1245, 3-M Co., St. Paul, Minnesota.
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Figure3.1:  Results of three different calculations on the optimum scaling of the
@RpC product as a function of frequency for ﬁxed if impedance. The curves have
been normalized to @R,C=4 at 100 GHz from experimental data at that
frequency. |
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Figure3.2: The quasiparticle susceptance and conductance as a function of
frequency for a 50Q device biased in the middle of the first photon step
calculated for x=1. These are the experimental conditions for most mixers. Both
quantities scale inversely with the normal state resistance, and are independent

of the capacitance.
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Figure 3.4: - Layout of the actual mixer chip and a simplified electrical model showing dc, if, and rf grounds. The
capacitive coupling between the upper and lower radial stubs is shown by the dashed line. Points E and F are rf
short circuits with different frequency characteristics. When impedance transformed to point C, they reduce the
effect of the high impedance if/dc line and preserve the bandwidth. The dc and if signals were isolated using a

bias tee which made contact to point G with an indium pad.
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Figure3.5 Detail of the junction area. This is a single junction tuned by a thin
film inductor. Dashed lines show the path of the rf signal. Some of the signal is
coupled through the 2um gap which results in less inductive tuning. The gap
between the stubs was kept to 2um to increase the coupling.
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V - iv i

The receiver system (see Fig. 4.1) is built to determine the receiver and the
mixer (Tr and Tm) noise temperatures, the coupled and available gain of the
mixer (Gm and Ga), and the if system noise temperature. This is a similar
receiver configuration to ones used previously at NRAO. The distinguishing
features are:

a) a variable temperature cryogenic rf hot/cold load which can be brought in and
out of the waveguide using electromagnets,
b) a 50Q coaxial cryogenic if hot/cold load,

c) a cryogenic coaxial switch.

4.1 The RF System:

The rf test signal source in most receivers is provided by a 77K/300K
blackbody source outside the dewar, which is coupled into the dewar through a
vacuum window. The window losses then need to be considered in the mixer
calculations, which causes substantial uncertainty [Pan,1989]. Even though this
is an easier approach, we chose to construct a cryogenic variable temperature
load for obtaining more accurate measurements [Winkler,1993; McGrath,1985].

The internal rf hot/cold load consists of a cold waveguide termination and
a heated silicon vane that can be moved in and out through a slot in the
waveguide (Fig. 4.2). The part of the vane that is inserted into the waveguide is
etched down to 14um from an initial thickness of 10 mils. An 80 nm thick NiCr
resistive layer is depcsited on one side of the vane to provide uniform heating
and a better match to the waveguide impedance. The heating is provided by a
100Q carbon resistor heat sunk to the Si vane, while the temperature is read out

by a diode thermometer. The heat distribution on this membrane is uniform
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enough such that there are no non-linearities in the if output of the mixer for
large temperature variations of the vane (Fig. 3.3). If the temperature of the vane
were non-uniform, this would not have been the case. The vane can be heated
up to ~100 K while in the He dewar.

One advantage of this apprbach is that the vane can be flipped in and out
of the waveguide with two electromagnets. Then the hot vane and the cold
termination can alternatively be presented to the mixer. This enables fast and
reliable optimization of the receiver noise temperature. A circuit is designed and
constructed to drive the vane in and out of the waveguide. With this circuit, one
can switch the position of the vane using a SPDT switch, or with an external
oscillator, the vane can alternate between the two positions continuously. Both
of these processes are found to be reliable and reproducible. During the use of
this dewar the vane is switched >5,000 times with no effects on the
reproducibility of the data. The highest frequency at which the vane can oscillate
is about 20 Hz. This limit is due to the inductance of the electromagnets and also
due to the inertia of the vane. To reduce the error due to rf-mismatches, the vane
is used as both the hot and the cold source while taking the reported data.

The lo source is a YIG-tuned oscillator ! which is tripled to 77.5 - 120 GHz
with a multiplier circuit 2. A YIG-tuned oscillator consists of a Yttrium-Iron-
Garnet cavity which changes its resonant frequency with the application of a dc
current to an electromagnet. This source is chosen for its tunability, even though
itis not very temperature stable. The combination with the tripler suffered from
various resonances in the output power spectrum. In the mixer measurements,
most of these issues are not problematic, as the FM noise is negligible, and the
temperature is kept rather stable. In some array measurements the lo power is

not sufficient for frequencies above 110 GHz.
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The lo signal was brought into the cryogenic dewar through a thin Mylar3
membrane between two waveguide flanges. After a gold plated stainless steel
waveguide section, it is coupled to the mixer input waveguide through a cross
coupler with 23dB attenuation. The hot/cold load signal from the Si vane is on
the non-attenuating arm of the coupler. For molecular line measurements the
vane could be taken out and replaced by a waveguide horn and a feedthrough to
a room temperature line source or antenna. The dewar is set up for sucha

modification.

4.2 The IF System:

The if signal generated across the tunnel junction is extracted from the
mixer chip at point G in Fig 3.4 via an indium pad. This makes contact to a bias
tee circuit (Fig. 4.4). The bias tee is a filter designed to separate the if signal from
the dc signal. Both the dc and the if ground consist of the mixer mount and the
ground plane. The bias tee is constructed on a 10 mil Duroid 4 substrate (€=2.1)
using adhesive Cu tape 3. A 62 pF chip capacitor and a wire inductor are
soldered on the substrate. For the if signal, the low-impedance path is provided
by the capacitor, while the dc signal travels through the wire inductor. The if
impedance of this capacitor is less than 2 ohms.

After the bias tee, the IF signal enters a latching single pole six throw
coaxial switch, which mechanically switches to one of six output ports via
electromagnets 6. This switch is modified at NRAO by placing a 10k dc-
shunting resistor at each port to reduce electromagnetic transients in switching.
Such transients can generate a large voltage pulse across the tunnel junction and
damage the device. The input port of the switch is connected to the if output of

the mixer block. Of the six output ports only four are used; 1) a 502 termination
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at4.2 K, 2) a variable temperature 509 if hot/cold load (Fig. 4.5), 3) a short
circuit, 4) output to a circulator.

The two 5092 terminations are used to determine the noise temperature of
the if chain, in é similar manner as the rf hot/cold load. The short circuit is used
to determine the gair of the if chain. In the receiver mode, the if signal is
directed to the circulator. The circulator serves multiple functions. The most
important one is to isolate the tunnel junction if output port from the if amplifier
input port. This is necessary since the if amplifier generates a substantial amount
of noise at its input port, enough to saturate the tunnel junction. By using an
attenuator at the third port of the circulator, the reflected noise power is reduced
by >15dB. This is a shortcoming of SIS mixers since circulators are the primary
limiting factor in the if bandwidth. With a larger if bandwidth one can observe a
much larger spectral range simultaneously. The center frequency of this
circulator is at 1.4 GHz with a bandwidth of < 0.3 GHz.

A secondary function of the circulator is to measure the IF mismatch of the
mixer. For this purpose a test signal is bounced back from the mixer and
detected at the if amplifier output. This output is then compared to the reflection
off the short circuit. The ratio of the two reflection coefficients is the mismatch of
the mixer to the if amplifier. The measured mixer gain is divided by this factor to
obtain the available mixer gain.

The gain of the if chain is determined by measuring the reflection of a test
signal from the short circuit. This is limited to the bandwidth of the circulator.
The directional coupler allows one to measure the gain and stability of the if
amplifier over a large bandwidth. This is a straight forward transmission
measurement. The two-stage FET if amplifier is provided by the Univ. of Mass.
The noise, bandwidth, and gain spectrum depends strongly on the bias

conditions of the FETs. Depending on the mixer configuration, the biasing needs
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to be varied slightly to avoid saturation of the mixer from the excess noise at the
input of the if amplifier. Typical numbers are; 26 dB for gain at 1.4 GHz, a
bandwidth of >0.6 GHz, and a noise temperature of 10 - 15 K. The if signal is
further amplified by 67dB with a room temperature two-stage GaAs amplifier 7.

Most measurements are taken using a variable if bandpass filter with a
bandwidth of about 70 MHz8. This is necessary to avoid saturation effects on
the amplifier and detector. The source for if test measurements is a tunable
sweeper 9. The signal is detected with a diode detector for most measurements.
The vector analyzer is used for some measurements done on the if chain to
obtain phase information.

The cryogenic He dewar is an Infrared Labs dewar with a 10 inch
diameter 4 inch deep workplate, modified for pumped He operation 10. The
three if coaxial lines going to room temperature electronics, are heat sunk both at
the nitrogen and helium bath. Between room temperature and nitrogen, a
stainless steel coaxial cable is used, and between the nitrogen and helium baths,
the signal travels through a specially constructed stainless steel coaxial section
with no insulator. The 64 "dc"wires are all heat sunk to the He bath with Stycast
KT 1 and a pc-board. At the nitrogen stage all wires are heat sunk to individual
grooves in a metal piece using Ge varnish. Finally all wires go through separate

EMI filters to a control box 12,

4.3 Control Circuitry :

Both the coaxial if switch and the rf hot/cold load vane are driven using
similar solenoids to simplify the driving circuitry design. Both switches are
latching types, and this requires a current pulse rather than a constant current.
This is done to reduce the resistive heating, and increase the hold time of the

dewar. The coaxial switch consists of 12 solenoids. Each one of the 6 positions
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on this switch has a pair of set/reset solenoids. At4.2 Ka 100 mA current pulse
for ~100 msec is necessary to set or to reset any switch. Due to the latching
process it is critical that all switches are reset before setting another one. A two
pole twelve throw mechanical switch is used to control the solenoids (Fig. 4.6).
The voltage necessary for switching is ~28 volts. In order to interface the
switches with the computer, two supplies are used ; a 34 volt supply for the high
voltage switching, and a 6 volt battery to bias the CMOS logic chips. One pole of
the mechanical switch is connected to the input of a 555 timer to provide a clock
pulse to control the duration of the switching current. The second pole is used to
set or reset the corresponding switch. The NOR gates are used to reset both
neighbours of the reset position on the rotary switch (so that one can switch
clockwise and counterclockwise). The diodes are necessary to short the back emf
of the switching solenoids, which would otherwise burn the transistor.

The control circuitry for the rf hot/cold load solenoids is slightly more
complicated since it can be controlled not only by a digital signal, but also by an
analog input. This is required for rapid switching of the solenoid such that the if
output can be observed on a lock-in amplifier or on an oscilloscope. Thus a
comparator is used at the input.

All these switches were controlled by an HP computer during most of the
experiments. In order to control 14 switches (6 set for coax, 6 reset for coax, 2 for
vane), a 4-to-16 line decoder (CD4514B) is used. A 4 bit word from the computer
is fed into a HP3421a Data Acquisition unit 11 with an array of FET switches. The
output is then fed into the decoder which controls the driving circuitry in parallel
with the mechanical switch.

The dc-biasing circuit for the tunnel junction is designed to stable biasing
with a variable load line, and also provide optional feedback and sweeping

functions (Fig. 4.7). AD2702 provides a stable bipolar voltage. The reference
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input of the AD524 is used to offset the external sweep range. PMI1012 is used in
the feedback circuit for stable biasing when in the internal mode. The external
mode is used when acquiring data with the computer. The external sweep input
can be an oscillator as well as a computer controlled voltage source. The load
resistor (Rp) for the bias is also used as the current sensing resistor. The output
of the voltage and current sensing amps can be connected to computer interfaced
DVMs, an X-Y recorder, or an oscilloscope.

The sweeper circuit shown in Fig. 4.8 is designed to provide single
sweeps, as well as continuous sweeps with a variable frequency. The digital
switching circuitry is designed such that one can switch between any two modes
continuously without creating a voltage pulse or an error. One op amp is used
for feedback and another one for integration. The oscillation is controlled by
mainly a flip-flop and FET switches. Thus the upper circuit is the basic oscillator,

while the lower circuit provides for the various functions.

4.4 Hot/Cold Load Measurements:
The receiver gain and noise temperature were determined using the Si
vane as a variable rf signal source. The power spectral density of a black body

radiator (or source) is given by Plank’s formula:

hw
exp(hw/kgT)-1

P = 4.1
B

where B is the bandwidth of detection, T is the physical temperature, and w is the
center frequency. This function is plotted in Figure 4.9 for a 100 GHz source or

detector. From this figure we see that above 4 K, one can approximate the full
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Plank radiation law with a linear function given by the Rayleigh-Jeans law. This

simplified formula is:
P = kBTB 4.2

This approximation can be used to describe the radiation from a blackbody
source and also the power spectrum of a noise source characterized by a noise
temperature. This expression ignores zero point fluctuations, but is accurate
within a degree for physical temperatures down to 2.5 K at 100 GHz.

Even though radioastronomy applications of SIS mixers require molecular
line observations at a given signal frequency, the mixer itself can be accurately
evaluated using a blackbody source. Since the blackbody radiation spectrum is
very broad, coupling with finite bandwidth should eliminate higher harmonics
of the frequency of interest. Otherwise the receiver will respond to those
frequencies as well and the measurement will yield an apparently higher gain.
Waveguide structures filter out of band signals well enough, such that harmonic
response is usually not a major problem.

To determine the receiver noise temperature, the if output power is

monitored as a function of the Si vane temperature. The if output power is given

by

Py_ou =GyGn(Ps+P,)= GG ks(Ts+T,) 43

where Gjf and Gp, are the gain for the if system and the mixer, Ps is the input
signal power from a load at temperature Ts, and Ty is the equivalent noise
temperature of the receiver. Thus, the if output power should be a linear

function of the hot/cold load temperature (Fig. 4.2). From the slope of this curve
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vs. Ts one can determine the receiver gain, GjfGm and from the x-intercept the
receiver noise temperature, Tr.

In order to separate the contributions in gain and noise of the if-system, a
similar measurement was done for the if system. For this purpose the coaxial
switch was switched to the if hot/cold load setting. Then the temperature of the
if hot/ cold load was varied between about 5 and 50 K and the output power was

measured. This power is given by:

where Tijf denotes the noise temperature of the if system . Here fid <<kgTy, so
the Rayleigh-Jeans formula is essentially exact.

Again the slope determines the gain of the if chain beyond the if-switch, and the
x-intercept the noise temperature of the if system (Fig. 4.5). The if noise is mainly
due to the cooled amplifier, since it is the first stage of amplification. Figure 4.10
shows the measured output power as a function of the hot/cold load
temperature for the if system. Also shown is the dependence of the noise
temperature on the if frequency. The frequency is scanned using a high Q filter
at room temperature. The noise temperature is pretty constant as a function of
frequency from 1.15 to 1.45 GHz. The usable if window for the mixer is smaller
due to the circulator.

Figure 4.3 shows a typical measured output power as a function of the
hot/cold load temperature for the receiver. Note that the curve is very linear.
This shows that the rf vane is radiating in proportion to the measured physical
temperature as expected. This is the method used to get accurate receiver data.
For fast optimization, the vane is kept at a constant temperature and moved in

and out of the waveguide. The difference in the if output is then maximized.
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* This method of evaluating receiver parameters is called the Y-factor
method, which refers to the ratio of power outputs for two input temperatures.
In the case of a black body radiator or load at two temperatures, T¢ and T (T <
Th); '

Py T,+T,

Y=—% .
P, T,+T,

45

Since the thermometry, the power meter, and the control circuitry for both hot
/cold loads are interfaced to the computer, the Y-factor measurements and
optimization could be done with ease. For the set of measurements reported in
this chapter, there are two variables to optimize in mixing experiments; the bias

voltage, and the lo power.

4.5 Receiver Results:
Device B:

As seen in chapter 2, the shape of the rf-induced tunneling steps depends
strongly on the embedding circuitry which affects receiver performance. Figure
4.11 shows four pumped I-V curves for Device B, each for a different frequency.
At 100 GHz, the dynamic resistance on the first photon step is negative. This
implies good rf-matching at this frequency. This is expected since this is an
inductor tuned device. Atlower and higher frequencies the dynamic resistance
becomes positive, but the step remains relatively flat. The if output power is
shown as a function of dc bias voltage for two load temperatures. We see that
the largest Y-factor is obtained in the middle of the first photon step. Receiver
data for this device and others tested is listed in Table I and plotted in Figures
4.12 and 4.13.
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A unique feature of this device is the large non-uniformity in the areas of
the two junctions in series. The structure in the I-V curve above the current rise
at the gap voltage is due to the proximity effect [Ruggiero, 1986]. From the
proximity effect steps in this array we estimate that there is approximately a 30%
difference in the areas of the two devices. The pumped I-V curves, however do
not show structure below the gap and the receiver shows good performance.
Calculations have shown that up to a 40% difference in area should not cause a
substantial decrease in receiver performance [Feldman], and our results agree.
Device E:

This is an untuned device with a large normal state resistance of 619 Q and a
capacitance of 5 fF. Due to the large mismatch to the rf source resistance, this
device did not show good receiver performance in spite of its low capacitance.
Device A:

This is also an untuned device with a small capacitance. However since
the resistance is much better matched to the source resistance of 50, it shows the
best performance at 80 GHz. The increase in noise at midband is unexplained. It
may be due to series resonances present in the mixer mount.

Device C:

This device showed mixer gain over the whole waveguide band. This is
an impressive result considering that there are no mechanical tuning elements. A
low wRLC product of 0.9, and a reasonably well matched normal state resistance
are the reasons for the good receiver performance of this device.

Device I:

This is also an inductor tuned device, but with a much higher @R;C
product (3.5). The resistance is matched well, and the mixer noise is lower than
in device C, probably because of the larger capacitance which shunts higher

harmonics better. The fact that the mixer gain is lower suggests a loss
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mechanism in the tuning inductor or degradation of performance due to non-

uniform array properties.

4.6 Discussion and comparison with theory:

Our receiver results have implications as to the effectiveness of the design
approach discussed in the previous chapter. The devices have shown good
performance across the band with integrated or no tuning elements. A @R,C
product of = 4 seems to result in lower mixer noise when devices C and I are
compared. For large mixer gain, a small ®RnC product is better, and also results
in a larger bandwidth (compare C vs I). Thus the choice of the ®RnC product is
still dominated by the specific system requirements. Achieving a small receiver
noise temperature with a noisy if amplifier requires a large mixer gain. This in
turn means a small ®R,C product (<2) for the mixer. If one has access to a very
low noise and stable if system with enough bandwidth, a @RyC product of ~ 4 is
a good choice for the mixer when integrated tuning elements are used. Our if
system suffers from insufficient isolation of the if noise from the mixer, and a
large if noise temperature. Thus the mixer gain plays a big role in determining
the receiver performance.

A way of determining the effectiveness of the rf coupling scheme in a SIS
mixer is to compare the embedding admittance calculated from the pumped I-V
curves with the expected embedding admittance. In our case the design
embedding admittance is inferred from scale model measurements and is shown
in Fig. 4.14. The embedding admittances calculated from the pumped I-V curves
are also shown for devices I and E. This calculation is done using the voltage
match method [Skalare,1989]. Briefly, this method calculates the rf-induced
current at various bias voltages and determines an embedding admittance from

those values. The three port equivalent circuit model is shown in Fig. 2.2. The
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