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Abstract: We have investigated a new type of microwave circuit for the generation of frequency-scaled 
Josephson voltages useful for the representation of highly accurate reference voltages. The circuit consists 
of a superconducting microstrip resonator and series arrays of Josephson junctions integrated within its 
rf current antinodes. The circuit is designed to operate at low frequencies of about 10 GHz to simplify 
the microwave techniques. At a resonator circuit with four Josephson junctions driven at 10.9 GHz we 
have obtained stable overlapping Shapiro steps up to 4.6 mV at a step width of about 70 pA. A more 
advanced double-resonator circuit with altogether 216 junctions allows to generate scaled reference 
voltages up to 0.16 V at steps of about 25 pA in width and at a microwave frequency of 11.1 GHz. 

1. INTRODUCTION 

The present international voltage standard is based on the AC Josephson effect. Under influence of an 
external microwave source Josephson junctions can be stimulated to produce discrete voltage levels scaled 
exactly due to the external drive frequency. To reach a sufficiently large voltage output, in all national 
laboratories the reference voltage is derived from large-scale series arrays of Josephson tunnel junctions, 
most commonly driven in the 70-100 GHz range [1,2]. In a recent paper, we have reported on the 
generation of stable frequency-scaled voltages at the much lower X-band frequencies using a microstrip 
resonator with a few Josephson junctions integrated into the top layer [3]. 

In the present paper we report on this new kind of microwave circuit and on a more advanced version 
of it containing six series arrays with 36 junctions each. The principle to tune out chaotic instabilities is 
discussed. 

Compared with the usual frequency range, the lower X-band frequencies allow the application of a less 
expensive microwave equipment. In addition, a resonator circuit needs less microwave power than a 
conventional microwave circuit to generate a given reference voltage. These improvements may provide 
new fields of application for voltage standard arrays, for example, as highly precise voltmeters. 

2. BASIC PRINCIPLES AND DESIGN 

The generation of frequency-scaled voltages can be achieved by exposing a Josephson junction to an 
external microwave signal. The resulting constant-voltage steps which can be observed at the junction 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1994639

http://www.edpsciences.org
http://dx.doi.org/10.1051/jp4:1994639


C6-244 

characteristic are given by [4] 
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where f is the external drive frequency and a0=h/2e the magnetic flux quantum. The width of steps 
depends on the microwave power injected into the junction. For a given microwave power there is always 
just one maximum step n=q,,, mostly preferred for the voltage representation. The width of maximum 
step is approximately 

I, is the junction critical current. The quantity q,,, increases with increasing microwave power. 

The application of X-band frequencies requires to direct more attention to a stable phase locking between 
the Josephson oscillations and the external microwave source as in this frequency region chaotic 
instabilities tend to dominate the junction dynamics. A well-tried method to prevent such instabilities is 
to operate with a sufficiently large drive frequency [5] 

f.34, (3) 

where 

is the junction plasma frequency; j, as the critical current density and c, as specific capacitance 
characterize the Josephson junctions. In comparison with relation (3) a less strict frequency condition can 
be derived from a more detailed analysis of the junction chaotic dynamics [6],  

This condition allows to operate closer to the plasma frequency. In any case stability can be reached at 
a sufficiently high order of maximum step or a sufficiently large microwave power. For example, 
operating at a step %,=40, than the minimum drive frequency is f=1.4fp and, therefore, only about half 
the frequency given by relation (3). Accordingly, the frequency condition (5) gives a more moderate 
estimation for the critical current density 

which simplifies the fabrication process of nonchaotic Josephson junctions at X-band frequencies. The 
critical current density is an important design parameter for the microwave circuit. Due to Eq. (6) a typical 
value for the critical current density at 10 GHz is jc=10 A/cm2. 

For the excitation of higher order constant-voltage steps q,,,>>10 a high microwave power has to be 
injected into the tunnel junctions. To this end, the microwave circuits under consideration consists of a 
series array of Josephson junctions placed into the rf current antinode of a superconducting microstrip 
resonator, cf. Fig. 1. Compared with a terminated microstripline, used at present in all microwave circuits 
for the Josephson voltage standard, the resonator circuit allows to generate a given reference voltage with 
lower microwave power, given roughly by the unloaded quality factor. 



Fig. 1. Schematic view of the microwave circuit designed as a super- 
conducting microstrip resonator with one Josephson series array in 
the center. 

3. EXPERIMENTS 

All measurements were made in an unshielded room in a liquid-helium dewar at 4.2 K. The microwave 
circuits were surrounded by a superconducting lead shield. All dc connections pass through rf filters to 
eliminate external noise. The microwave source may operate alternatively with and without frequency 
stabilization. The specimens were fabricated in conventional niobium-lead technology on a silicon wafer. 
A massive plate of niobium was added on the backside to make the groundplane. The silicon substrate 
itself forms the resonator dielectric. 

Fig. 2. Current-voltage characteristic of the four junction series array 
integrated into a superconducting microstrip resonator. 

A representative tunneling characteristic of the resonator circuit described above is shown in Fig. 2. The 
critical current is about 600 p4, the step-like structures in the transition region are caused by the slightly 
different critical currents of the four junctions. Fig. 3 shows the same characteristic under influence of 
an external microwave source at 10.9 GHz and for different rf power levels. From experiments, the quality 
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factor of the resonator is estimated to be about 1000. With increasing power the maximum step is shifted 
to higher voltages. At a small microwave power only steps near k,=O can be observed. These steps are 

Fig. 3. Tunneling characteristics of the series array in presence of an 
external microwave field. The microwave power was varied. 

almost very unstable or in a fragmentary form because of the chaotic dynamics. At a relative power of 
-7 dB stable steps are generated at %,=50. According to Eq. (1) this corresponds to a voltage yield of 
about 1.2 mV per junction. At 0 dB the rf power injected into the resonator is high enough to bring the 
junctions in its normal state as can be seen from the ohmic behaviour. 

A more detailed view on the formation of constant voltage steps is demonstrated in Fig. 4. The maximum 



step can be observed at about 4.6 mV. The distance between two adjacent steps is 22.5 pV and 
corresponds to the applied drive frequency of 10.9 GHz, as predicted by Eq. (1). The width of the 

fig. 4. Example for the formation of constant-voltage steps at a four 
junction array and at a drive frequency of about 10.9 GHz. The 
step distance is 22.5 pV. 

maximum step is about 70 p.4. In the characteristic strongly overlapping steps can be observed which are 
very suitable for the generation of frequency-scaled voltages. The higher order constant-voltage steps 
shown in Fig. 4 are no zero crossing steps. Here it should be noted, that such a kind of steps are not 
necessarily be needed for the representation of highly precise frequency-scaled reference voltages. The 

Fig. 5. DC characteristic of the double-resonator circuit under influence of 
an external microwave source at 11.1 GHz. The total number of 
junctions in series is 216. 
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lifetime of steps is a few minutes under normal laboratory conditions. It can be increased about one order 
of magnitude, if the frequency is stabilized better than lo-'. These lifetimes indicate clearly, that chaotic 
instabilities can be tuned out by choosing a high order maximum step or a large rf power, respectively. 

The step formation on a more complex circuit is shown in Fig. 5. This circuit consists of two microstrip 
resonators in parallel. The resonators are driven at its third resonance frequency. In each of the resulting 
six rf current antinodes an array with 36 junctions is located. This arrangement provides an optimum 
interaction between the Josephson junctions and the external microwave field. All the arrays are series 
connected with respect to the dc current bias. The critical current of the junctions is 720 pA with a spread 
of about 15%. The splitting of the characteristic demonstrated in Fig. 5 is due to the formation of 
constant-voltage steps under influence of a microwave at 11.1 GHz. The maximum step, useful for the 
representation of voltage, occurs in the region near the horizontal dashed lines and corresponds to a 
voltage of about 0.16 V. The width of this step is 25 pA. This value is too small in comparison with Eq. 
(2) and probably caused by nonoptimum circuit parameters as junction length and critical current density. 

4. SUMMARY 

The experiments reported here have shown, that also the low X-band frequencies allow to generate stable 
and overlapping constant-voltage steps suitable for the representation of frequency-scaled Josephson 
voltages. Chaotic instabilities usually observed in this frequency range can be tuned out by the microwave 
power. Therefore, the concept of a voltage standard microwave circuit in the very attractive frequency 
range around 10 GHz is possible. The resonator principle discussed above is helpful to reduce the 
microwave power. Lower microwave power and drive frequency may provide a wider application of 
voltage standard microwave circuits in measurement techniques, for example, as highly precise voltmeters. 
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