
984 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES. VOL. 43, NO. 4. APRJL 1995

190-GHz Radiation from a

Quasioptical Josephson Junction Array
Michael J. Wengler, Boran Guan, and Elie K. Track, Mer.nber, IEEE

Abstract— At 190 GHz, 0.36 p W has been detected from

an 11x 58 array of niobium Josephson junctions. The power
is radiated directly into free space above the surface of the
two-dimensional array of junctions. Detection is made by a com-

mercial bolometer outside the array cryostat. The junctions in the
array are closely spaced in the ~-dimension, but spaced by more
than one-half wavelength in the c-direction. This asymmetry re-

sults in mutual phase-locking between adjacent junctions suitable
for the production of y-polarized radiation. The resonance and

asymmetry also result in a reasonable impedance match between

the Josephson junctions and the free-space radiation mode.

I. INTRODUCTION

L ARGE TWO-DIMENSIONAL arrays of Josephson junc-

tions were proposed as submillimeter wavelength os-

cillators because of some attractive properties [1]. Large

two-dimensional arrays have been successfully demonstrated

with semiconducting devices for a variety of microwave

applications [2]–[5]. In this context, large means the overall

dimensions of the arrays are larger than a wavelength of the

radiation.

The arrays proposed [1] have a number of properties useful

for power combing applications. First, the impedance they

present to the attached device can be controlled by their

design. Second, they allow the coherent addition of power

from many devices in the array so that arrays can handle or

provide orders of magnitude more power than single devices.

Finally, because they are large compared to a wavelength, they

couple radiation directly into a free-space mode propagating

normal to the array. Because of this last property, we refer to

the Josephson junction array described here as a Quasioptical

Josephson Oscillator, or QJO,

Our main goals in pursuing two-dimensional arrays are the

possibility of higher radiated power from a larger number of

junctions, and the possibility of higher frequency operation,

In a one-dimensional array, radiation must travel through

an increasing length of microstrip line as more junctions

are added to the array. Both superconducting and normal
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metal microstrip lines have loss which increases as operation

frequency is raised. In the QJO, however, generated radiation

does not propagate any significant distance through on-chip

wiring. Instead, it goes into a free-space mode propagating

away from the array. If the QJO is extended by adding more

junctions, it has a larger area from which its total power is

radiated. It is not necessary for the added junctions’ radiation

to propagate through the longer lengths of wires on the

extended QJO.

We have detected power from a number of fabricated arrays.

The largest power detected is 0.36 MW at a frequency of 190

GHz from an array of 638 junctions. The superconducting

oscillator chip is in one liquid helium cryostat. and the

bolometer we use for power detection is in another. The free-

space radiation power we observe is uncorrected for any loss

or beam dilution as it travels through a quartz lens, vacuum

windows, and a few cm of air between the two cryostats.

This paper describes our work on these arrays. We report

the detection of 0.36-,uW levels from these arrays at 190

GHz. It is only the third time that near-&W power levels of

Josephson junction radiation propagating in free space have

been observed. Martens et al. observed close to 1 VW at 110

GHz from their largest symmetric array [6]. Booi and Benz

observed 0.2 pW from 53–230 GHz from a small symmetric

array that couples to a stripline circuit which is then coupled

to a waveguide radiator [7]. Higher output powers of tens of

pW at frequencies near 500 GHz have been reported from

one-dimensional Josephson arrays. but all of that power was

dumped directly from the microstrip generator into an on-chip

resistor [8].

II. QJO PARTICULARS

A simplified schematic of our most successful QJO array

is shown in Fig. 1. It is a variation of the array originally

proposed by Wengler et al. [1]. The QJO tested is fabricated at

HYPRES using its standard niobium integrated circuit process.

It had 11 columns of 58 junctions each for a total of 638

junctions. Junctions are spaced by 260 pm horizontally, but

by only 56 &m vertically. This gives the array an active area

of 2.86 x 3.25 mm or about 1.8 x 2.0 A. where A. is the

free-space wavelength at the oscillation frequency.

DC connections are made to alternating rows, from the

sides, so that all junctions in the QJO are de-biased in parallel.

All wires in the circuit are superconductors. In operation,

every junction in the array sees exactly the same dc bias

voltage, so that the Josephson frequency of oscillation of each

junction, ~J = 2eVo/h, is exactly the same. However, it is
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Fig. 1. The figure illustrates an array of 3 x 9 Josephson junctions. The

actual array reported here has 638 junctions in it. The alternating dark and light
horizontat bars represent two different niobium wiring layers. The junctions

are represented by the dark black dots connecting wiring layers. All the light

niobium layers are connected to the “+” bias pad on the left, and all the dark

ones to the “-” bias pad on the right, so that all junctions in the array are
biased in parallel from these pads.

not necessarily the case that all junctions will oscillate in the

same phase: this result must be brought about through circuit

design, as described below.

Each of the 638 junctions in the array is designed to be

identical. Using dc measurements of the array, we conclude

that each junction has an area of 3 x 3 #m and a critical

current lC of 360 ,LLA. We estimate the capacitance of each

junction to be C = 0.45 pF. Thus we calculate the Josephson

plasma frequency to be WP = 27r x 245 GHz. Each junction in

the array is shunted by a resistor, whose value we infer to be

1.65 Q from dc measurements of the array. Thus we calculate

a McCumber admittance parameter of ,6C = 1.4.

A micrograph of the fabricated array in the vicinity of two of

the S1S’s is shown in Fig. 2(a). The large white band crossing

the picture is one of the +dc biased lines shown in Fig. 1.

The edges of two –dc biased lines are seen in gray at the

top and bottom of the micrograph. The Josephson junctions

are Nb/A1203 /Nb Superconductor-Insulator-Superconductor

(S1S) tunnel diodes, shunted by resistors. The two S1S’s in

Fig. 2 are under the small dots which are seen in the two gaps

between the + and –dc bias lines. The visible small feature is

actually a 2 x 2 pm square via hole to allow contact to the

top of the 3 x 3 &m S1S.

The rest of the structure seen on the white bias line are

the two 2-0 shunt resistors, one for each of the S1S’s, and

the various via holes needed to make contact to the resistors.

Those via holes are 3 x 3 ~m. The resistors are fabricated on

top of the + dc line, and as close to the S1S as possible, to

minimize their parasitic series inductance.

III. THE RF CIRCUIT

In the event that all of the junctions do oscillate in the

same phase, we will have strong radiation in a direction
perpendicular to the plane of the array, This can be under-

stood by comparing this array with a phased-array antenna.

Consider each small part of the array local to each junction

as an independent radiator. With no phase difference between

elements of the array, the direction in which all the junctions’

radiation adds up in phase is perpendicular to the array.

(a) (b)

Fig. 2. Micrographs showing details of the fabricated array. (a) Detail in the

vicinity of two junctions. The S1S’s are under the small via holes which are

topmost and bottommost in the figure. The rest of the structure shows the two

shunt resistors, and the vias necessary to contact them. (b) Detail showing

about 22 rows and five columns of the axray. A witness junction is seen just
above the array.

The driving point impedance of the array, 2A, should be

chosen close to 2 Q so that the shunted Josephson junctions

will couple efficiently to it. Of the four different phased-array

antennas investigated by Pance and Wengler [9], the Slot Array

presented the lowest value of 2A. The Slot Array they modeled

had a resonant minimum value of 2A when horizontal spacing

between junctions was close to M2. A is the wavelength of

radiation on the slot-line formed by the horizontal dc bias

wires connecting adjacent junctions, For the array reported

here, that resonant condition is met for a frequency near 170

GHz. This is calculated using the index of refraction n =

3.4 of silicon to characterize the slot-line. Near resonance, the

Slot Array had 2A w 10 f?, but the QJO reported here has

somewhat different dimensions than the Slot Array [9].

IV. MUTUAL PHASE LOCKING AT

HIGH FREQUENCIES IN THE ARRAY
.:,

Although all junctions must oscillate at the same frequency

because of dc parallel biasing through superconducting wires,

this does not constrain them to oscillate in phase. The most

important mutual phase-locking mechanism in the arrays pre-

sented here is due to the mutual interaction between adjacent

junctions at high frequencies. In the vertical dimension, junc-

tions are connected by superconducting metal through a path

which is much shorter than any of the wavelengths of interest

in this problem. This results in some net series inductance

between vertically separated junctions. Both small-signal [10]

and large-signal [11 ] analyses show that an inductive coupling

element forces the RF current to flow in series through the

adjacent junctions. So within each column of the array, all of

the junctions will have the same phase of oscillating current.

This does not address the question of the relative phase of
adjacent columns.

In the horizontal direction, adjacent junctions are connected

by the slot-line transmission line structure formed by the dc

bias lines. If the devices are closer together than A/2 on this

slot-line, the slot-line could be replaced by a series inductor. In

that case, the RF current would flow up through one junction,
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across the top wire of the slot-line, and then down through the

next junction. This is NOT the phase-locking we need. This

would result in half the columns in the array being in one

phase, and the other half being 180° out of phase.

However, for frequencies high enough so that the length

of the slot-line between junctions exceeds M2, the equivalent

circuit of the slot-line presents a capacitive reactance in series

[11]. Conceptually, the RF current being pushed into the slot

line by one junction goes through a phase-shift of more than

180° before it reaches the next junction. As far as the next

junction can tell, it is just as though that current were coming

from a junction with 180° more phase than is actually the case.

The result is that adjacent rows of the array will oscillate in

phase, with the net result that every junction in the array is

locked in phase, and significant radiation should be developed

perpendicular to the plane of the array.

The array presented here shows significant output power at

190 GHz. The slot-line between adjacent junctions exceeds

length M2 for frequencies above approximately 170 GHz.

The fact that we see no radiation from the array below that

frequency is evidence that our design for mutual phase locking

in the horizontal and vertical directions is correct.

Long-range phase-locking between junctions may also be

important in this array. In the original proposal [1], the array on

the front surface, and metallization on the back surface of the

QJO chip were intended to create a resonant cavity in the chip.

The idea was that radiation building up in this cavity would be

intense enough to injection-lock all the junctions in the array.

Since then, it has been determined that with proper design,

the array will have a tendency to properly phase-lock simply

due to nearest-neighbor interactions [ 11]. We have designed

the arrays so that mutual phase-locking would occur even in

the absence of a long-range effect. However, the chip-cavity

still exists in our circuit. We need to do experiments where

we have a variable cavity behind the QJO so that we can

determine how important this is to QJO operation.

V. DC MAGNETIC FLUX AND MUTUAL PHASE LOCKING

In addition to high frequency, there are also dc pfiase-

locking mechanisms [10]. These effects are analyzed by Pance

for the quasioptical array [12]. Two horizontally adjacent

junctions in this array participate in a closed superconducting

loop. There will, in general, be dc magnetic flux, 0, in each

such loop in the array. For in-phase oscillation of adjacent

junctions, it is required that @ = n@., where n is an integer
and C’. = 2.07 x 10–15 Webers is the quantum of magnetic

flux called a fluxon.

The dc magnetic flux, Q, in our array arises from the

dc biasing currents. The inductance of each horizontal loop

is in the neighborhood of 500 pH. This is calculated using

a characteristic impedance of 163 0 for the slot-line, as

measured for the Slot Array [9]. The critical current of

each junction in the array is Ic N 350 pA. Thus, the dc

flux condition for in-phase operation of the array is met

L1c/@o = 85 times as the bias current of a junction is adjusted

through the full range of lC. With only a small change of dc

bias current, the QJO circuit can relax to any required flux

QJO ~ RF Out

Crystal Quartz
P A

Fig. 3. A schematic diagram of the QJO mounted in a dewar.

quantizadon condition. For this reason, we believe that dc flux

quantization places no real constraint on phase-locking in this

array.

VI. EXPERIMENTAL TECHNI@TE

RF Power is measured using a bolometer operating at 4.2 K

which is commercially available from Infrared Laboratories,

Inc. The Josephson array and the bolometer are in separate

dewars. The QJO dewar layout is shown in Fig. 3. The array

is mounted on a hyperhemispherical quartz lens to provide

a narrower output beam, just as is done with some S1S

submillimeter wavelength detectors [13]. The extra qutiz

windows serve to block infrared radiation from heating the

QJO.

To detect the power, a lock-in amplifier is used. A chopper

wheel interrupting the beam between the oscillator dewar and

the bolometer dewar was tried, and then abandoned. In one

position of the chopper wheel, the bolometer is seeing the

QJO plus the very cold thermal radiation of the inside of the

QJO dewar. In the other position of the chopper wheel, the

bolometer is illuminated by 295 K room temperature radiation.

The bolometer is very broad band, and the thermal difference

between 295 K and looking in the QJO dewar corresponds to

about 5 UW on the bolometer. It was impossible to detect nW

power levels from the QJO whh this large thermal signal. To

fix this, we removed the physical chopper so the bolometer

stares directly into the cold QJO dewar. The bias to the QJO

is chopped between O mV and the bias voltage under test, and

the bolometer signal is detected with a lock-in amplifier locked

to this chopped bias. We appear to have sensitivity to about 1

nW power levels using this method.

VII. EXPERIMENTAL RESULTS

The experimental results for our array are summarized in

Fig. 4. The peak power detected is 0.36 WW at a bias voltage

of 0.37 mV. This power is detected in the bolometer with no

corrections made for any losses in coupling between the QJO

array and the bolometer. The bias voltage corresponds to a

Josephson frequency of 179 GHz.

We measure the frequency of the radiation at the power

peak in two different ways. The first is using the witness

junction which is fabricated next to the QJO array as shown in

Fig. 2(b). When the array is biased so as to emit its maximum

power, the I–V curve of the witness junction shows constant
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Fig.5. The I-Vcurve of thewitness junction. Forthebottom trace, the QJO

array is turned off, so the witness junction I–V is RSJ. In the top trace, the
QJO array is biased so that its radiation is detected in the external bolometer.
The QJO radiation induces Shapiro steps in the witness junction I–V curve.

voltage Shapiro steps at voltages 0.4and 0.8 mV, as shown in

Fig, 5. These areonly produced iftheradiation isat 193 GHz,

The second way we measure frequency of the radiation is

by inducing standing waves in the radiation traveling between

the QJO dewar and the bolometer dewar. This is done with a

partially reflecting mesh on a translation stage. As the mesh

is moved, the power coupled into the bolometer is modulated.

Successive peaks are spaced by 0.8 mm. If this is half a free

space wavelength, the radiation is at frequency 187 GHz.

The two measurements of frequency give 193 and 187 GHz

for an average of 190 GHz. The apparent Josephson oscillation

frequency for the QJO is 179 GHz. The QJO dc voltage is

calculated from an X-Y recorder output which is digitized by

hand, and it must be corrected for a parasitic series resistance

of about 7 mfl. We believe the array is delivering power at

about 190 GHz, and that this is the actual Josephson oscillation

frequency of the array.

The QJO also has significant radiated power for bias volt-

ages near 0.63 and 0.7 mV. When biased at the power

peaks, no Shapiro steps are seen in the witness junction.

This suggests, that radiation at these bias voltages is at some

frequency other than 190 GHz, where the witness junction is

proved to be a sensitive detector of radiation. The most likely

situation is that the QJO array is radiating at its Josephson

oscillation frequencies which are 305 and 340 GHz for these

bias voltages. However, we are concerned that complicated

dynamical effects can take place in a large array of coupled

Josephson junctions, so we will not yet report for sure that we

are seeing radiation at 300 GHz.

We have

VIII.

demonstrated

CONCLUSION

radiated power

987

from a quasiopti-

cal Josephson oscillator (QJO) at 190 GHz. The success of

this circuit suggests that the QJO is a good candidate for

submillimeter wavelength investigation.
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