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Superfine Resonant Structure on IV-Curves of
Long Josephson Junction and Its Influence on
Flux Flow Oscillator Linewidth

Valery P. Koshelets, Andrey B. Ermakov, Sergey V. Shitov, Pavel N. Dmitriev,
Lyudmila V. Filippenko, Andrey M. Baryshev, Willem Luinge, Jesper Mygind,
Vladimir L. Vaks, Dimitry G. Pavel'ev

Abstract—The Josephson Flux Flow Oscillator (FFO) has
proven to be a perfect on-chip local oscillator for integrated
submm receivers; a noise temperature (DSB) below 100 K has
been achieved at 500 GHz. Recently a FFO linewidth as low as
1 Hz has been measured in the frequency range 270 - 440 GHz.
A new technique for both linewidth measurements and phase
locking of the FFO is developed; this method employs an off-
chip harmonic multiplier. By measuring the frequency of the
FFO radiation emission, its IV-curve (IVC) can be reconstructed
with an accuracy better than 1nV. A superfine resonant
structure with a voltage spacing of about 20 nV and extremely
low differential resistance has been observed in the FFO IVCs.
This resonant structure modifies the performance of the FFO
compared to the one expected from the “averaged IVC”. The
influence of this resonant structure on phase locking is
discussed. Also results of FFO phase noise measurements are
presented.

Index Terms—Josephson junctions, phase locked oscillators,
submillimeter wave integrated circuits, superconducting devices

I. INTRODUCTION

Light—weight and compact ultra sensitive submm-wave
superconducting integrated receivers (SIR) with low
power consumption [1], [2] are very attractive for both
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radio-astronomical research and remote monitoring of the
Earth atmosphere. Presently, a Flux Flow Oscillator (FFO)
based on unidirectional flow of magnetic vortices in a long
Josephson tunnel junction [3] looks most promising as a
Local Oscillator (LO) for on-chip integration with a SIS
mixer. Nb-AlO,-Nb FFOs, which have been successfully
tested from about 120 GHz to 700 GHz - the gap frequency
of Nb - deliver sufficient power (= 1uW at 450 GHz) to
pump a SIS mixer. Both frequency and power of the FFO can
be tuned electronically [2]. A receiver noise temperature
below 100 K (DSB) has been achieved for a SIR with an
internal FFO operated in the frequency range 480 - 520 GHz
[1], [2]. A FFO can be fabricated on the same trilayer (and by
the same technological procedure) as a SIS mixer. Further,
the complexity of a FFO circuit is much lower than known
Josephson junction array oscillators. The most important
issue to be proven before real FFO application, is the
possibility of FFO phase locking at all frequencies of interest.
In this report we present a new technique for linewidth
measurements and FFO phase locking, as well as the latest
FFO linewidth measurements - including FFO phase noise.

II. FFO LINEWIDTH MEASUREMENTS.

Besides the noise temperature and the antenna beam
pattern, the frequency resolution of the receiver is a major
parameter for spectral radio-astronomy applications. The
resolution, which is determined by both the instant linewidth
of the local oscillator and its long-time stability should be
much less than 1ppm of the receiver center frequency.
Previous measurements on linewidth of FFOs [4] - [10] have
demonstrated the following values; 130 kHz at 70 GHz [4],
about 1 MHz at 280 GHz [5], and 2.1 MHz at 320 GHz [6].
Unique time resolved measurements of FFO radiation were
performed by using an Acousto-Optical Spectrometer (AOS)
with an integration time of 1 us; the linewidth of free-
running FFO was less than 1 MHz at 350 GHz [7].

A reliable technique for linewidth measurements based on
an integrated Josephson harmonic multiplier has been
developed [8] and a free-running FFO linewidth of a few
hundred kHz was measured in the submillimeter range.
However, the observed FFO linewidth is almost one order of
magnitude wider [8], [9] than predicted by the theory for a
lumped Josephson tunnel junction. A simple model based on
Josephson radiation self-coupling was introduced [9] to
explain the experimental FFO linewidth.
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The feasibility of phase locking the Josephson FFO to an
external reference oscillator has been demonstrated
experimentally {10]. With the FFO phase locked a linewidth
as low as 1 Hz was measured relative to a reference oscillator
in the frequency range 270 - 440 GHz. This linewidth is far
below the “fundamental” level given by shot and thermal
noise of the free-running tunnel junction.

The linewidth, Af, of a Josephson junction is mainly
determined by the value of current fluctuations at low
frequency. For white noise it can be written as:

Af = 2r/D) R,)? Si(0), €]
where S;(0) is the density of the low frequency current

fluctuations, Ry® = 0V/0ly is the dc differential resistance
which transforms the current fluctuations to voltage (and
phase) noise. Fluctuations in the external magnetic field can
be accounted for by the differential tuning resistance of the

control line R = 0V o/l for fixed dc bias current Ig. In
the case of an external interference both the "usual
differential resistance RdB and R, "convert" low frequency
external noise currents, Ilf(B' D to frequency fluctuations
following the same relations:

Af oc R,BCV % 1, B @)

A consequence of the phase locking is the appearance of a
vertical step (Rs® = 0) in the dc IVC of the FFO at the voltage
corresponding to the frequency frro where the FFO is
locked. The position of this step is insensitive to small
changes in the control line current, that means also Ry""= 0. It
results in zero radiation linewidth (see Eq. 1, 2) even at finite

density of white current fluctuations and external
interference.
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Fig. 1. Block Diagram of the Integrated Receiver (SIR) with Phase Locked
FFO and External Harmonic Multiplier.

A. External Harmonic Multiplier

Previous FFO linewidth measurements [9], [11] have
demonstrated at certain conditions the existence of a structure
of closely spaced steps in the IVC of long Josephson
junctions. The valtage spacing is about 20 nV, corresponding
to a frequency separation of 10 MHz, that cannot be recorded
by the usual dc technique. This structure manifests itself as a
nonlinear relation between the measured FFO frequency and
the bias or/and control-line currents. In order to exclude that
the recorded resonance structure could be due to the
integrated harmonic mixer technique, an external harmonic
multiplier based on a quasi-planar superlattice electronic
device (SLED) [12] has been developed and tested. The
SLED was mounted in a circular waveguide (with a cut-off
frequency of about 400 GHz) followed by a conical horn with
an output diameter of 6 mm. A constant-voltage bias and the
pump signal from the synthesizer (frequency 5 - 22 GHz) are
applied to the SLED. The signal of multiplier is fed to an
integrated receiver of standard design [1], [2] via a vacuum
window (see Fig. 1). Heterodyne mixing with the FFO local
oscillator signal can be measured up to 500 GHz that
corresponds to the 27-th harmonic of the input signal from
the synthesizer (fs = 18 GHz). Fig. 2 shows the down-
converted FFO signals measured by this technique with the
frequency locked - curve A- and phase locked - curve B).

The external harmonic multiplier enables us to check an
alternative concept of the Phase Locked Integrated Receiver.
This concept is based on an already proven design of the
integrated receiver chip [1], [2]. In this approach a submm-
wave signal from an external harmonic multiplier driven by a
10 - 20 GHz synthesizer is applied to the integrated receiver
via a beam splitter. A small portion of the IF band (about
50 MHz) is used to monitor the mixing product between the
n-th harmonic of the synthesizer signal and the FFO signal.
This down-converted signal after narrow-band filtering
controls the phase locking loop (PLL) system while the rest
of the IF band is used to analyze the down-converted signal.
Here the development of a cryogenic multiplier looks very
promising. The output power would be increased according
to theoretical expectations, and a much thicker beam splitter
can be used at cryogenic temperatures due to reduced losses.
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Fig. 2. Down-converted spectra of the FFO operated at 426 GHz; frequency
locked (curve A) and phase locked (curve B).



III. SUPERFINE RESONANT STRUCTURE.

The superfine resonance structure is present also in the
measurements done by the external multiplier, and thus the
resonances can be attributed to properties of the FFO rather
than to the measuring method. Generally an FFO can
irradiate only in a specific range near the corresponding
“resonance” frequencies, f, while the oscillator is unstable
between these values. This behavior is clearly demonstrated
in Tig. 3 (fyw = 17.05 GHz, n = 25, Lower Side Band).
Traces A and B are recorded at two constant bias currents:
I,= 17782 pA and 17 779 pA, point A and B respectively
(number of averages, N,, = 100). Point A is stable while an
attempt to bias at point B fails due to small fluctuations
which force the FFO to jump between stable states, spending
on the average almost equal time in both states (see curve B).

Trace “C” in Fig. 3 illustrates this phenomenon in a
different way; it is recorded when fine-tuning the FFO bias
(from 18 710 uA to 18 770 wA) in the regime “max-hold”. In
this regime the spectrum analyzer takes the maximum signal
amplitude from many measurements at each frequency point.
One can see that FFO frequency can be permanently tuned
only in a range of about 5 MHz, while frequencies between
these stable regions cannot be obtained. Even a small change
of the bias current near the edge of the stable region will
result in a “jump” of the FFO voltage (frequency) to the next
stable region.

Using the Josephson equation the FFO IVC can be
reconstructed in detail by measuring the bias current
dependence of the FFO output frequency. The accuracy of
the frequency (and correspondingly, voltage) measurement is
determined by the spectrum analyzer resolution used for the
specific span. For the data presented in Fig. 3, 4 the
resolution bandwidth, RBW, was 300 kHz corresponding to a
voltage accuracy of about 0.6nV. By using a special
measuring procedure the frequency reading from the
spectrum analyzer was recorded simultaneously with
adjusting I, and Iy From these data the exact shape of the
FFO can be reconstructed; the “recovered” FFO IVCs
demonstrate the existence of a well-defined superfine
structure (see Fig.4). Up to now there is no reliable
theoretical explanation of this superfine resonant structure.
The exact geometry of the FFO influences the resonant
structure, in particular, the results reported in [10] were
measured for a tapered FFO where the resonance effect was
less pronounced. The results depicted in Figs. 3, 4 are from
an FFO with a standard rectangular overlap geometry.

From Fig. 4 one can see that the FFO IVC (at low levels of
external interference) consists of a set of separate steps rather
than being a continuous curve. The differential resistance on
these steps is extremely low, RP(res) = 0.00037 Q. 1t is
important to note that this value is considerably lower than
the average value (R = 0.0016 Q) recorded using the
traditional technique. An even more dramatic reduction has
been measured for the control-line differential resistance,
R = OViro/dlz, (0.0009 Q and 0.0073 & respectively).

Note the extremely narrow linewidth =75 kHz (Fig. 2,
curve A) was measured at a FFO frequency of 426 GHz due
to extremely low differential resistance. Actually, this is the
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Fig. 3. Down-converted FFO signal recorded at constant bias current
adjusted inside one of the resonances (curve A) and in between two
resonances (curve B). Curve C is recorded with the FFO bias tuned in the
“max hold” regime.

linewidth of the free-running FFO since it was recorded with
a very narrow (< 10 kHz) PLL regulation bandwidth that only
suppresses low-frequency external interference without
changing the FFO linewidth (frequency locking).

Since the frequency separation between adjacent
resonances is comparable with the maximum PLL system
bandwidth, jumps between adjacent resonances create
considerable difficulties for phase locking of the FFO.
Nevertheless full phase locking can be realized even in the
presence of the resonance structures, but only at specific
frequencies (see Fig. 2).

IV. FFO PHASE NOISE,

The residual phase noise of the phase locked FFO -
measured relative to the reference synthesizer - is plotted in
Fig. 5 for three different FFO frequencies as function of the
offset from the 400 MHz carrier. One can see that there is no
pronounced dependence of the phase noise on the frequency
of the locked FFO. It means that the noise is mainly
controlled by the measuring technique and the PLL system.
To get the total FFO phase noise, one should add the
synthesizer noise multiplied by n* to residual phase noise of
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Fig. 4. Reconstructed IVC of the FFO. Data marked “Ici-2" are measured at
a slightly different I¢; value and corresponds to an adjacent resonance.
These data are shifted by 19 nV along the Fiske step with slope 1/R/
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Fig. 5. Experimental phase noise of a phase locked FFO at different
frequencies. Since the phase noise of the FFO, e.g., at 387 GHz is measured
relative to the 36" harmonic of the synthesizer, the synthesizer noise,
multiplied by a factor 36% = 1296, should be added to the residual FFO
noise to get the total (absolute) FFO phase noise - solid line.

the FFO. The measured data for the synthesizer (HP83752B)

are also presented in Fig. 5. In this measurement where the
FFO, operating at 387 GHz, is locked to the 36-th harmonic
of the synthesizer, n® = 1296. The total FFO phase noise
(solid line in Fig. 5) is dominated by the synthesizer noise for
offsets < 100 kHz. The origin of the noise at larger frequency
offset is under investigation.

It should be noted that phase locking of a FFO has been
realized only on the steep Fiske steps (F'Ss), where the free-
running FFO linewidth is about 1 MHz corresponding to
small values of R/ and especially R,“, where R/ =
Vero/dly and R = OVppo/dlo, are the differential
resistances associated with the bias current, I, and the
control-line current, I¢;, respectively. The linewidth increases
at volta%es above the boundary voltage, Vs, [9] where RE
and R,* are considerably larger than on the FSs (as a result
of the abrupt increase of internal damping due to Josephson
self-coupling [9]). It is still an experimental challenge to
obtain phase locked operation in the "true” flux flow regime
where the normalized damping is large, al/A;>7, and
correspondingly, the initial FFO linewidth exceeds
=10 MHz.

V. CONCLUSIONS

Preliminary tests demonstrate that there is no fundamental
difference between results obtained by using either an
integrated harmonic mixer or an external multiplier. The
proper choice is a matter of convenience and relevance for
the different applications. Phase locking of the FFO to an
external reference oscillator is demonstrated experimentally
using both measurement schemes. A FFO linewidth as low as
1Hz (determined by the resolution bandwidth of the

spectrum analyzer) has been obtained by both techniques in
the frequency range 270 - 440 GHz relative to a reference
oscillator. To our knowledge it is the first time that the
spectral linewidth of any Josephson device has been reduced
so much by means of an electronic system. The observed
superfine resonance structure in the FFO IVC reduces the
FFO linewidth due to smaller differential resistance, but
complicates phase locking of the FFO.

Implementation of the single-chip Superconducting
Integrated Receiver (SIR) with phase-lock-loop facilities is
especially advantageous for new radio-astronomy projects
based on an imaging array or multi-receiver approach
(e. g., ALMA). The PLL Integrated Receiver is ready to be
tested in the nearest future for practical spectral radio-
astronomy in the frequency range 350 - 450 GHz.
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