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High-Frequency Oscillators Using
Phase-Locked Arrays of Josephson Junctions

S. P. Benz and P. A. A. Booi

Abstract— We present a basic description of Josephson junctions and
discuss their use as GHz and THz oscillators. The resistively shunted
junction model is used to calculate the available power, linewidth, and
operating frequency of the oscillators. We discuss how phase-locked
arrays of junctions are used to achieve higher power and narrower
linewidth. Two experimental examples of phase-locked emission are
shown: one from on-chip detection circuits at 150 GHz and one detected
off-chip showing a 13-kHz linewidth at 88.8 GHz.

1. INTRODUCTION

We are interested in developing the technology to synthesize and
measure sub-THz and THz frequencies with the same ease and
precision now available in the microwave region. This is important
for bridging the frequency band between the microwave and optical
regions. This effort is intended to support and encourage emerging
instrumentation in high-speed optical signal processing and precision
optical metrology including standards for frequency and length.

We believe this frequency band can be filled by exploiting the
intrinsic high-frequency properties of superconductive Josephson-
Jjunction devices. Josephson junctions and circuits are naturally suited
to sub-THz and THz frequency operation because they intrinsically
generate currents at frequencies up to a few times the gap frequency
of the superconducting material. Low-temperature superconductor
(LTS) devices are typically made from Nb, a refractory metal with
a superconducting transition temperature 7. of 9 K and are operated
at 4 K. Nb junctions have a gap frequency of about 1.4 THz.
LTS devices have been demonstrated to operate at 8 THz [1].
High-temperature superconductor (HTS) devices, such as YBaCuO,
have T. =~ 90 K, allowing 77 K liquid nitrogen operation. HTS
devices have demonstrated operation at 8 THz, [2] and with a
gap frequency of approximately 15 THz, are expected to perform
frequency translation functions up to at least 30 THz.

Manuscript received July 1, 1994; accepted March 17, 1995. This work
was supported in part by the Office of Naval Research Contract N00O14-
92-F-0040 and by the BMDO Office of Innovative Science and Technology

under Contract F30602-93-F0121 with technical program management from
Rome Laboratory.

The authors are with the National Institute of Standards and Technology,
Division 814.03, Boulder, CO 80303 USA.

IEEE Log Number 9413790.

By developing small, lithographically-fabricated devices based on
Josephson junctions, we hope to achieve an unprecedented level
of stability and reliability over previous technologies based on gas
lasers and whisker-contacted diodes. Lithography also enables the
integration of multiple devices into circuits in order to perform more
complex frequency translation functions. LTS fabrication technology
is well-developed. However, HTS multilayer thin-film fabrication is
still under development.

Many different devices can be implemented using Josephson
technology, such as mixers, oscillators, detectors, and logic elements.
This correspondence will focus on Josephson oscillators and their
application to the submillimeter (>300 GHz) and THz frequency
regimes. We present experimental results from LTS devices that were
designed to demonstrate the fundamental principles of Josephson
oscillators at accessible microwave frequencies.

II. PRINCIPLES OF JOSEPHSON OSCILLATORS

We use the zero-capacitance, resistively-shunted junction (RSIJ)
model [3], [4] to compare Josephson oscillators based on single
junctions and arrays of junctions. Our discussion will be limited
to nonresonant junctions, so no comments will be made on flux-
flow oscillators [5]. Furthermore, we assume lumped arrays having
physical dimensions smaller than 1/8 of the emission wavelength.
Finally, we assume that ground planes are used with all circuits,
preventing self-field coupling between devices. Within this model.
we discuss specific design criteria required to achieve impedance
matching, high output power, and narrow linewidth at a given
operation frequency.

A. Single Junctions

A RSJ is characterized by a critical current I,- and resistance I?
and is biased with a dc current source . The equations describing
a RSJ are

Po
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I= o+ I.sino

(1a)

V= (1b)
where o(t) is the macroscopic phase difference across the junction,
Py = h/2e = 2.07 mV/THz is the magnetic flux quantum, 1" is the
instantaneous voltage across the junction, and the overdot denotes
differentiation with respect to time.

Equation (1) can be solved analytically. Fig. 1(a) shows the dc /-
V curve of a RSJ. For I < I, the junction is in the zero-voltage
state, while for I > I., a voltage develops across the junction. In the
voltage state, the supercurrent I.sin o of a junction oscillates at a
well-defined fundamental frequency f = Vi./®o. This ac Josephson
effect, where the junction supercurrent oscillates at 1/®o ~ 483 GHz
per mV of bias voltage, means that the junction is intrinsically a high-
frequency dc-to-ac converter and can be used as a voltage-controlled
oscillator.

Fig. 1(b) shows the amplitude of the fundamental Josephson os-
cillation and the first two higher harmonics as a function of voltage.
When the junction is biased at voltages greater than the characteristic

voltage V,_.QI(R, the time-dependent voltage is nearly sinusoidal
because the amplitudes of the higher harmonics 17, (n > 2) are much
smaller than the amplitude of the fundamental. The peak voltage
amplitude at the fundamental frequency approaches a maximum
V1 = 1, for T3¢ > V., and the junction impedance becomes

0885-3010/95%04.00 © 1995 IEEE



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 42, NO. 5, SEPTEMBER 1995 965

VLR
(b)

Fig. 1. (a) I-V curve of a RSJ. (b) Harmonic amplitudes V), as a function
of bias voltage.

resistive, Z ~ R. In order to maximize the fundamental power
and minimize the contribution from harmonics, the characteristic
frequency, f. = V./®o should be fixed at the minimum operating
frequency, and the device should be operated at V4. > V.. Under
these conditions, the rms available power from the junction is

Vi o LV,
TS8R B @

Py

If we assume that all Josephson junction technologies have a
maximum critical current, then the available power is limited by
the maximum I. and the minimum operating frequency. Typically
it is assumed that I. is limited to a few milliamperes by nonuniform
current flow due to self-induced magnetic fields [6]. The characteristic
voltage is limited for a given technology by the gap frequency of
the superconducting material. Typical Nb junctions have a maximum
characteristic voltage V. &~ 2.8 mV. Under these optimal conditions,
the available power from a single junction could approach Pjj =
1 W for operation above 1.4 THz. Lower minimum operating
frequencies will yield lower power.

If the junction is coupled to a resistive load Ry and Vg > V%,
the most efficient power transfer occurs when the junction and load
resistances are matched (R = Ry ). The rms power delivered to
this matched load is then equal to the available power. Demanding
R; = 50 Q load and f. = 1.4 THz limits the critical current to
only I. = V./R; = 58 pA. The power delivered to a matched 50
{2 load for this example is only 20 nW. In the highest frequency
demonstration of a single junction Josephson oscillator, a tunnel
junction delivered 10 nW at 1 THz to another junction on the same
chip [7].

—M =4

It —

Fig. 2. Schematic layout of a 4 x 3 array. The crosses depict Joseph-
son junctions. The junctionc are connected by superconducting wires with
inductance.

Many oscillator applications require linewidths < 100 kHz. The
theoretical linewidth (full width at half-maximum power) at the
fundamental frequency for a single junction is [8]. {9]

TR351(0) (41 MHZ) TR}

A= 32 OK R

3)

where Ry = dV4./dI is the dynamic resistance of the junction,
S1(0) = 4kT/R is the Johnson current noise spectral density,
k is Boltzmann’s constant, and 7 is temperature. With a typical
R~ R;~1QatT = 4K, we obtain a ~ 160-MHz linewidth
for a single junction, which is too wide for most applications.

Applications of single junction oscillators have been difficult to
implement because they have low output power (10 nW), and their
low (< 1 ) impedances do not match to typical high-impedance
loads. In order to achieve useful power (> 0.1 mW) and impedance
matching, arrays of phase-locked junctions are needed for most
applications. One-dimensional (1D) {10, [11] and two-dimensional (2-
D) [12]-[17] arrays of phase-locked junctions offer potential solutions
to these problems. When the junctions in an array are phase-locked,
arrays can provide higher output power with narrower linewidths to a
matched load impedance. However, phase-locking is difficult because
of the complex dynamics of these multidimensional systems.

B. Phase-Locked Arrays

Arrays of junctions have better impedance matching, higher power,
and narrower linewidth than single junctions. Fig. 2 shows the
geometry of a 2-D array. The array impedance depends on its width
and length, M columns each with .V junctions in the voltage state.
The available power from a phase-locked 2-D array in the sinusoidal
operating regime (V3. > V. for each junction) is proportional to
the number of phase-locked junctions, Py = MXNI.V./8. The
length-to-width ratio can be chosen to achieve impedance matching
N/M = Ry /R, so that the power delivered to a matched load is
[12], [13]

NMIN.  MPIIR. 4
s 8 @

With V. fixed and I. maximized (2.8 mA for Nb junctions),
the total power delivered to a matched load is proportional to the
square of the number of columns M. This gives 2-D arrays an
additional degree of freedom over 1D arrays to increase and tune
the power delivered to a fixed load. For the 1.4 THz minimum
operating frequency (V. = 2.8 mV), the power can be tuned to
4.9 mW by choosing M = 10 and N = 500 to match the array to
a 50 €2 load. This delivered power is sufficient for both on-chip or
off-chip applications, and the 5000-junction integration is achievable
with present fabrication technology. Even higher power levels can be
achieved by increasing the number of junctions accordingly.

For phase-locked arrays of junctions, the linewidth is reduced by
the total number of phase-locked junctions [6], [13]
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Fig. 3. Detector /-V curve displaying Shapiro steps.
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Fig. 4. Emission peak after 100 video averages at 88.844 GHz showing a
~ 13-kHz linewidth.

Arrays with M = 10 and N = 500 would have a linewidth of ~ 33
kHz at 4 K, which is sufficiently narrow for most applications.

III. EXPERIMENTAL RESULTS

The first demonstration of complete phase locking in 2-D arrays
was accomplished by using single Josephson junctions as on-chip
detectors [12], [13]. Emission was coupled from a 2-D array to
a detector junction through a dc-blocking capacitor. The capacitor
enabled the array and the detector junction to be biased independently.
When the array was biased in the voltage state, emission was coupled
to the detector causing the detector’s intrinsic Josephson oscillations
to lock to the array’s emission. This phenomenon is observed in the
detector’s I-V curve as flat voltage steps at voltages V. = n®o f.
where f is the drive frequency and n = 0.1.2. ... is the step number.
These steps are called Shapiro steps. The number of steps and their
widths depend on the amplitude of the drive.

Fig. 3 shows the detector junction I-V curve for a 10-by-10
junction 2-D array coherently emitting at 150 GHz [12], [13].
Since the 0.4-pW coupled to the detector junction at this frequency
agrees with the expected theoretical power, all 100 junctions in the
array are phase locked. This array showed Shapiro steps at voltage
tunable frequencies ranging from 60-210 GHz, indicating broad band
tunability.

More recently [15], the emission from 10 x 10 arrays has been cou-
pled off-chip to room-temperature mixers through a fin-line antenna
and WR-12 waveguide. A single voltage-tunable peak was detected
in the frequency range from the 53-GHz cutoff frequency of the
waveguide up to 230 GHz. Fig. 4 shows an example spectral peak
with a linewidth of ~13 kHz.

These results were the first off-chip linewidth and power mea-
surements of phase-locked 2-D arrays where a detailed comparison
was made with theory. It was found that a stripline resonance in
the antenna reduced the array dynamic resistance and thereby the
emission linewidth (see (3)) from the ~2-MHz linewidth expected
for a nonresonant-coupled array. From 84-90 GHz, the linewidth
varied approximately one order of magnitude.

1V. CONCLUSION

Josephson oscillators are voltage tunable with potential emission
at GHz and THz frequencies. LTS 2-D arrays have demonstrated
complete phase locking and narrow linewidths over broadly-tunable
microwave frequencies. HTS technology is desirable for Josephson
oscillators because the higher intrinsic frequencies would enable
higher-frequency oscillators. The impact of HTS Josephson devices
on precision frequency synthesis and measurement depends largely
upon improvement of HTS thin-film fabrication technology.
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