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Improvements in the Millimeter-Wave Subsystem for
Josephson Junction Array Voltage Standard Systems

Haruo Yoshida, Yasuhiko Sakamoto, Member, IEEE, Udo Klein, Member, IEEE, and Tadashi Endo

Abstract—Improvements in the millimeter-wave subsystem
have been accomplished to provide higher millimeter-wave
power to a Josephson junction array chip. The 94-GHz oscil-
lator output power has been increased to 90 mW by incorpo-
rating an InP Gunn diode. The frequency stability of the InP
Gunn oscillator is maintained at 1071° of the center frequency.
A low-loss dielectric waveguide has been installed in liguid he-
lium to reduce the insertion losses of the millimeter waves to 3
dB/2.5 m. The improved millimeter-wave system has been
confirmed to operate well in a Josephson junction array voltage
standard system for voltage calibration at the 1-V level with
the specified accuracy.

I. INTRODUCTION

OSEPHSON junction array voltage standard (JJAVS)

systems [1] are operated at most industrialized nations’
standard laboratories to maintain their voltage standards.
JJAVS’s can generate very precise reference voltages of
1 V, and recently up to 10 V. An increasing number of
industrial calibration laboratories is lately using JJAVS
systems to guarantee the accuracy of measured data of
commercially available precision instruments. Increasing
the working voltage range and improving the operation
stability are therefore important developments for the rou-
tine operation of JJAVS systems.

The Josephson effect describes the tunneling of super- .
conducting electron pairs in a weak link structure com- -

monly called the Josephson junction. For voltage standard
applications, the Josephson junction can be simply re-
garded as an ideal frequency-to-voltage converter. An ex-
ternally applied high-frequency signal generates quan-
tized dc voltages V, across the superconducting electrodes
of a Josephson junction device:

s W _
" (2e/h) K;_g

where
f: frequency of the drive signal
n: integer
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(1)

e: electron charge
h: Planck’s constant
K;_oo = 483597.9 GHz/V: conventional value of

the Josephson constant [2].

The generated dc voltage V, is only a function of the step
number n and the drive frequency f which both can be
accurately determined. Thus, the Josephson effect is ideal
for the generation of very precise dc voltages.

Referring to (1), higher dc Josephson voltages can be
generated by increasing the step number # and the drive
frequency f. However, the step number n is practically
limited by the millimeter-wave power coupled to the Jo-
sephson junction. The highest stable dc voltage generated
by a single Josephson junction is roughly equal to the am-
plitude of the millimeter-wave voltage across the junc-
tion. A typical step number of n = 2 produces a dc volt-
age V, of about 400 uV. Modern Josephson voltage
standards increase the dc Josephson voltage by connect-
ing many junctions in series and adding up the individual
step numbers n to generate voltages higher than 1 V. Fig.
1 shows a photograph of a Josephson junction array (JJA)
chip designed and fabricated at the Electrotechnical Lab-
oratory for 1-V calibrations. The chip comprises an an-
tipodal finline taper and a 127-mm-long, folded supercon-
ducting microstrip line incorporating 3000 Nb /AlO, /Nb
Josephson tunnel junctions. In order to adjust the total
step number of the JJA, an external dc bias circuit is con-
nected to the dc electrodes of the chip, and all junctions
of the whole array are biased by this single dc source. The
part of the chip with the antipodal finline taper has to be
inserted into a standard waveguide to couple the milli-
meter waves from the waveguide to the microstrip line.
Numerical simulations and experimental studies of high-
frequency driven Josephson junctions have shown that the
frequency of the driving signal should lie in the range of
70-100 GHz in order to drive this type of single-biased,
many-junction Josephson array successfully [3]. Within
this working frequency range, higher millimeter-wave
power and higher frequency are advantageous for gener-
ating higher dc voltages under stable operation conditions
of the JTJAVS. These requirements are a challenging sub-
ject since with increasing frequency, the output power of
an oscillator generally decreases and the insertion losses
of the millimeter-wave components become larger. If
higher millimeter-wave power can be fed to the JJA chip,
the array will generate higher maximum dc voltages and

0018-9480/93$03.00 © 1993 IEEE



2354
Antipodal Folded DC
finline taper strip lin electrodes

6.5 mm

~———— {7 mm

————-

Fig. 1. A Josephson junction array chip incorporating 3000 Nb /AlO, /Nb
Josephson tunnel junctions.
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Fig. 2. Photograph of a JJAVS system.

operate with higher stability at the lower working voltage.
The purpose of the study presented in this paper is to im-
prove the performance of the millimeter-wave subsystem
of the JJAVS in order to feed higher millimeter-wave
power to the JJA chip.

Fig. 2 shows a photograph of an industrially used 1-V
JJAVS system that automatically calibrates the output
voltage of Zener diode reference standards [4]. The block
diagram of the system is shown in Fig. 3. The millimeter-
wave source consists of a Gunn oscillator driven in a
phase-locked loop. Although klystrons are able to provide
higher output power, they are not suited for the industrial
use of JJAVS systems since they require bulky high-volt-
age power supplies and water cooling. Therefore, the pur-
pose of this work was to increase the available output
power of the millimeter-wave solid-state oscillator. A de-
tailed description of the new Gunn oscillator and its char-
acteristics are presented in Section II.

The JJA chip has to be immersed in liquid helium in
order to be cooled below its superconducting transition
temperature. As seen in Fig. 2, the length of the milli-
meter-wave transmission line measures more than 2 m
from the millimeter-wave oscillator located in an instru-
ment rack at room temperature to the JJA chip at the bot-
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Fig. 3. Block diagram of the JJAVS system. Millimeter-wave subsystem
is composed of phase-locked millimeter-wave source installed in the in-
strument rack (drawn inside of the dotted-line box) and a dielectric wave-
guide.

tom of the liquid helium container. As conventional metal
waveguides show considerable insertion losses in the fre-
quency range of the driving millimeter wave, a low-in-
sertion-loss dielectric waveguide has been installed be-
tween the low-temperature and the room temperature parts
of the millimeter-wave subsystem. Details of the dielec-
tric waveguide are described in Section III. '

Section IV summarizes the characteristics of the JJAVS
system utilizing the improved millimeter-wave subsys-
tem.

II. MILLIMETER-WAVE SOURCE

The millimeter-wave source of the JJAVS system has
to provide sufficiently high output power for the stable
operation of the JJA at the desired voltage level, as well
as high-frequency stability to ensure the required accu-
racy for calibration services.

The maximum available millimeter-wave power im-
poses rigid limitations on the design and fabrication tech-
nology of JJA devices. As the output power of currently
available, commercial solid-state oscillators is only mar-
ginally higher than the minimum power needed for Jo-
sephson voltage standard applications, the single junc-
tions in modern Josephson arrays are commonly operated
at low dc Josephson voltages that require a rather low HF
voltage amplitude of the driving millimeter wave. Any
increase in available output power therefore results di-
rectly in higher dc Josephson voltages generated by the
JJA in practical use, in more stable operation conditions,
and in design rules for JJA chips that are easier to meet
by the established fabrication technologies.

The desired uncertainty for voltage calibration services
is on the order of one part in 10®. In order to guarantee
the required accuracy of the JJAVS system, the frequency
stability of the millimeter-wave source has to be at least
on the order of 10™°, but preferably higher.
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Up to now, a commercially available 94-GHz GaAs
Gunn oscillator with an available output power of 60 mW
has been used as the millimeter-wave source in the 1-V
JJAVS system at ETL. In order to increase the millimeter-
wave power, a newly developed InP Gunn diode [5] has
been tested in the JJAVS system. Generally speaking, the
use of InP material for Gunn effect mode oscillation in the
millimeter wave region has been predicted to be efficient
compared with GaAs material because of the high peak-
to-valley ratio of the electron velocity as a function of
applied electron field.

The new InP diode features a special doping profile of
the active layer with a linearly increasing impurity density
from cathode to anode. As a consequence of the graded
doping profile, the electric field strength is raised near the
cathode, thus reducing the dead space region in the active
layer across which the Gunn domain transits, and increas-
ing the efficiency of the device. The epitaxial n-n™ layers
of the diode are grown by low-pressure organometallic
chemical vapor deposition (MOCVD) on a highly S-doped
(n") InP substrate, and the 1-um-thick active n-layer has
an average doping density of 1.8 X 10'® cm™>. Such a
structure allows fundamental mode oscillation at 94 GHz
with 3.0% efficiency. These features are different from
the conventional InP Gunn diode which has a flat doping
profile [6].

The packaged Gunn diode has been mounted in a stand-
ard WR-10 waveguide cavity. As a structural part of the
dc bias post, a disk resonator is placed between the Gunn
diode and a waveguide section of reduced height. The disk
resonator has a \ /4 diameter and serves as an impedance
matching device between the low-ohmic diode and the
waveguide. With a Q-factor of 50, the disk resonator also
determines the mechanical tuning range of the oscillator
from 92 to 94.5 GHz.

An appropriate bias voltage at 94 GHz is 4.3 V, and
the dc current saturates at about 900 mA. The character-
istics of oscillation frequency and output power, as well
as the tuning sensitivity of the InP Gunn oscillator are
shown as a function of bias voltage in Figs. 4 and 5, re-
spectively. The output power of the newly designed Gunn
oscillator is more than 90 mW, or more than 1.5 times
higher compared with the conventional GaAs Gunn oscil-
lator. The output power of the InP Gunn oscillator is lim-
ited by the heating of the Gunn diode. The InP Gunn diode
is able to supply an output power higher than 100 mW by
increasing the bias voltage and improving the heat con-
duction away from the diode. The single-sideband AM
carrier-to-noise ratio of the InP Gunn oscillator has been
found to be better than 70 dB in the frequency range from
93.5 to 94.5 GHz, measured in a 1-kHz bandwidth at 100
kHz from the carrier. As for the higher power solid-state
millimeter-wave source, a continuous wave IMPATT os-
cillator is also commercially available, but it cannot be
used as a millimeter-wave source for JJAVS system be-
cause of its inferior spectrum purity.

The frequency of the Gunn oscillator has to be stabi-
lized in a phase-locked loop (PLL) in order to meet the
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Fig. 5. Tuning sensitivity of the InP Gunn oscillator. This diagram is used
for the design of the Gunn oscillator driver to realize stable phase-lock
operation.

specifications for its use in the JJAVS system. With an
optimized Gunn oscillator driver that was proposed by the
authors, a frequency stability of the GaAs oscillator of 3
x 107" (peak to peak) has been established with counter
reading [7]. The GaAs Gunn oscillator requires a 10-V
bias voltage at a dc current of 200 mA. The circuit dia-
gram of the Gunn driver is shown in Fig. 6. The circuit
can be adjusted to provide different dc bias voltages to the
Gunn oscillator by simply changing the value of the level
shifter. In order to optimize the frequency regulation of
the PLL, the phase and gain lag compensations at high
frequencies (R13-C21 and R11) have to be individually
matched to the specific characteristics of the Gunn oscil-
lator. Fig. 7 shows the frequency stability of the InP Gunn
oscillator for (a) the free-running oscillator, and (b) the
oscillator in the PLL with the Gunn driver circuit adjusted
to the 4.3 V bias voltage of the InP diode. The frequency
fluctuation shows a standard deviation of 0.9 Hz, and the
mean of the measured oscillation frequency has an 0.4-Hz
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Fig. 6. Circuit diagram of the Gunn oscillator driver.

offset from the set frequency of 93.97 GHz. The achieved
frequency stability is about 1 X 107'° (peak to peak),
which is about ten times better than the required minimum
stability. It is expected that the frequency stability of the
InP Gunn oscillator can be improved by trimming the
phase and gain compensation and by employing the mod-
ified output current booster (@5-Q6) that allows for the
four-five times higher dc¢ current in the InP diode. The
power spectrum of the frequency-stabilized InP Gunn os-
cillator as it is used in the JJAVS system is shown in Fig.
8.

III. MILLIMETER-WAVE TRANSMISSION LINE
A. Dielectric Waveguide

The length of the millimeter-wave transmission line,
from the millimeter-wave oscillator located at room tem-
perature to the JJA chip at the bottom of the liquid helium
container, measures more than 2 m. A 2.5-m-long stan-
dard WR-10 copper waveguide (75-110 GHz) has inser-
tion losses as high as 11.3 dB at 94 GHz. Significant im-
provements in the power transmission have been realized
by using a dielectric waveguide instead of a metal wave-
guide. Fig. 9 shows the structure of the dielectric wave-
guide, which is similar to that of an optical fiber. It is
composed of a porous polytetrafluoroethylene (PTFE)
core with a relatively high dielectric constant (¢, = 1.70)
and a surrounding cladding of a low dielectric constant
PTFE (¢, = 1.26). The outer circumference of the dielec-
tric waveguide is covered by a copper foil for electro-
magnetic shielding. Insertion losses of the dielectric
waveguide are typically as low as 0.9 dB /m. Critical parts
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Fig. 8. Power spectrum of phase-locked InP Gunn oscillator at 94 GHz.
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Fig. 9. Configuration of dielectric waveguide. Launcher is a transitional
part between metal and dielectric waveguide. Strain relief part fixes the
launcher to the dielectric waveguide mechanically.

for the overall performance of the dielectric waveguide
are the launchers at both ends of the dielectric waveguide
that act as transitions between the dielectric waveguide
and a standard metal waveguide. By carefully assembling
these launchers to the dielectric waveguide, the mismatch
loss of each launcher can be kept as low as 0.38 dB. Thus,
the total insertion loss (summing of the mismatch losses
of in/output launcher and transmission line loss) of a
2.5-m-long dielectric waveguide with launchers assem-
bled at both ends is only about 3 dB.

The use of the dielectric waveguide in a voltage stan-
dard system requires that one end of the dielectric wave-
guide is immersed in liquid helium. Any change in the
insertion loss at low temperatures is therefore of interest.
In order to investigate the low-temperature performance
of the dielectric waveguide, the following experimental
measurements were performed. The S parameter S;; at the
room temperature end of the waveguide was determined
after shorting the far end with a blind flange. The far end
was then cooled down from room temperature to liquid
helium temperature by immersing the shorted waveguide
end into a liquid helium bath. The S parameter §;; was
continuously monitored, but did not indicate any differ-
ence. Hence, it can be concluded that the temperature

variation from room temperature to liquid helium temper- -

ature does not cause any significant changes in the inser-
tion loss of the dielectric waveguide.

The launchers are mechanically attached to the dielec-
tric waveguide by a strain relief gadget (see Fig. 9). For
commercially available standard dielectric waveguides,
this strain relief part is made of plastic that cannot stand
very low temperatures. The low-temperature end of the
dielectric waveguide thus had to be modified by employ-
ing a metal clamp as shown in Fig. 9. The modified ver-
sion of the dielectric waveguide has now been working in
a JJAVS system without a problem for more than three
years.

IV. ResuLTs AND CONCLUSION

The InP Gunn oscillator provides an output power of
90 mW at 94 GHz. Other components in the millimeter-
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Fig. 10. Current-voltage characteristics of the Josephson junction array
shown in Fig. 1 and driven by the improved millimeter-wave subsystem.

The white area seen at the voltage range between 1 and 3 V is a trace of
many vertical lines 194 pV apart (quantized Josephson voltage steps)

Highest voltage of the zero crossing steps (i.e., Josephson voltage st eps
that cross the voltage axis) is 2.7 V. The JJAVS system can be used for
the calibration of dc voltages up to this value.

wave subsystem (isolator, directional coupler, attenuator,
and a 15-cm-long metal waveguide) have a total insertion
loss of 5.1 dB. Using the 2.5-m-long dielectric waveguide
with 3 dB insertion loss, the millimeter-wave power at the
input flange of the Josephson junction array holder in lig-
vid helium has been increased to 14 mW before propa-
gating through the finline antenna. Fig. 10 shows the dc
current-voltage characteristics of the 1-V JJA chip shown
in Fig. 1. The improved millimeter-wave subsystem was
used to drive the Josephson junction array, and the dc
characteristics display quantized dc Josephson voltages up
to 2.7 V. The GaAs Gunn oscillator, which has 60 mW
output power at 94 GHz, produces Josephson voltages up
to 2.2 V on the same Josephson junction array. A JJAVS
system incorporating the improved millimeter-wave sub-
system was tested for voltage calibrations at the 1-V level
and worked successfully within its specified accuracy of
0.013 ppm. The system has been confirmed as a useful
voltage standard.

Besides the comfortable safety margin for stable oper-
ation conditions of the 1-V JJAVS system that has been
achieved by the improved millimeter-wave subsystem, the
increase of the available millimeter-wave power is also
important for the future design and operation of easy-to-

-use Josephson voltage standards at considerably higher

voltages. The accomplished improvements therefore pre-
sent a practically important part of the development of
more advanced JJAVS systems for the calibration service
in national standard laboratories, as well as in industrial
calibration laboratories.
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