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ABSTRACT

Presently a Josephson Flux Flow Oscillator (FF0) appears to be the most developed
superconducting local oscillator for integration with an SIS mixer in a single-chip submm-
wave receiver [1, 2]. A receiver DSB noise temperature below 100 K has been achieved for
a superconducting integrated receiver (SIR) operating with an internal FFO in the frequency
range 480 - 520 GHz. The feasibility of phase locking a FFO to an external reference
oscillator at all frequencies of interest has to be experimentally proved because it is vitally
important for practical use of the SIR in high-resolution spectral studies. The increase of the
intrinsic FFO linewidth due to the larger internal damping caused by Josephson self-
coupling (JSC) effect at voltages V > Vjsc Vgap/3 considerably complicates phase locking
of the FFO. Comprehensive measurements of the FFO radiation linewidth have been
performed using an integrated harmonic SIS mixer; the obtained FFO linewidth and
spectral line profile have been compared to theory. The influence of the FFO parameters on
the radiation linewidth, particularly the effect of the differential resistances associated both
with the bias current and the applied magnetic field has been studied in order to optimize
the FFO design. New FF0 designs have resulted in a free-running FFO linewidth of about
10 MHz in the flux flow regime up to 712 GHz, limited only by the gap value of the Nb-
A10x-Nb junction. This narrow free-running linewidth along with the construction of a
wide-band PLL system has enabled us to phase lock the FFO throughout the frequency
range 490 — 712 GHz where continuous frequency tuning is possible. An absolute FFO
phase noise as low as —73 dBc and —69 dBc at 100 kHz offset from the carrier has been
achieved at 450 and 707 GHz, respectively. This satisfies the requirements for single dish
radio astronomy missions and atmospheric monitoring.
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M. Khapaev, M. Kupriyanov, A. Pankratov, M. Samuelsen, S. Shitov, H. van de Stadt,
A. Ustinov and N. Vvrhybom for fruitful discussions
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Lightweight and compact ultra-sensitive submm Superconducting Integrated
Receivers (SIR) [1, 2] with low power consumption are very suitable for both radio-
astronomical research and remote monitoring of the Earth atmosphere. The SIR is a single-
chip device, which comprises an 515-mixer with a quasioptical antenna and a
superconducting local oscillator. Presently, the Flux Flow Oscillator (FFO) [3] based on
unidirectional flow of magnetic vortices in a long Josephson tunnel junction is the best
choice for integration with an SIS mixer. Nb-A10 x-Nb FFO's have been successfully
tested as local oscillators from 120 to 700 GHz (gap frequency of Nb) providing enough
power to pump an 515-mixer (about 1 ii,\AT at 450 GHz). Both frequency and power of the
FFO can be dc tuned [2, 4]. A receiver DSB noise temperature below 100 K has been
achieved for a SIR with the FFO operated in the frequency range 480 - 520 GHz [2, 5]. The
antenna beam, approximately f79 with sidelobes suppressed below -16 dB [2], makes the
integrated receiver suitable for coupling to a telescope. An imaging array of nine SIRs has
been developed and tested [2, 5].

The frequency resolution of a receiver is one of the major parameters in spectral
radio astronomy. In order to obtain the required frequency resolution of at least one part per
million and to allow interferometric measurements the local oscillator must be phase-locked
to an external reference. In order to study the conditions for phase locking of the FFO
linewidth has been measured using a specially developed technique based on an integrated
harmonic mixer [6]; see also [2, 4]. An unexplained superfine resonance structure on the
FFO NC was resolved by this technique [7]. This structure considerably complicates FFO
phase locking. In order to avoid this structure and to realize permanent frequency tuning (at
least along the Fiske steps) we have developed a new design of the FFO. The new FF0 is
tapered at both ends so that its width is decreased from 6 1..tm to 1.5 gm over a distance of
20 lam (see Fig. 1). As a result of this modification the resonant structure was almost
suppressed. It should be noted that a tapered FFO has larger output impedance compared to
the usual FFO of rectangular shape. This also simplifies the impedance matching to the
microwave circuits.

100 gm

Fig. 1. Photo of the tapered FFO with separate control line for magnetic tuning.
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The absence of the resonance structure enables detailed analysis of the free-running
FFO spectrum. The FFO line profile has been measured in different regimes of FFO
operation and compared to theoretical models. For this we use a frequency locking system
with a relatively low loop gain (so called, frequency detector). Thus very low-frequency
noise and drift is eliminated by the narrow-band feedback and the "natural" linewidth,
determined by much faster fluctuations, can be measured. The shape of the FFO spectrum
provides important information about the relationship between internal and external
fluctuations as well as the spectral distribution of these fluctuations. According to theory [8,
9] the line shape is Lorentzian for wideband fluctuations, whereas the profile will be
Gaussian for narrow-band external electromagnetic interference, e.g. EMI with frequencies
smaller than the free-running FFO linewidth ffA UT. A Lorentzian shape of the FFO line has
been observed both at higher voltages on the flux flow step (FFS) [10] and at Fiske steps
(FS' s) [11] in the resonant regime. This means that the free-running FFO linewidth in all
operational regimes is determined by wideband thermal and shot noise fluctuations. That is
very different from traditional microwave oscillators where the "natural" linewidth is very
small and the observed linewidth can be attributed mainly to external fluctuations.

According to theory [8, 9] the radiation linewidth of a small (lumped) Josephson
oscillator is determined by the noise spectral power density, SI(0), of the bias current at low
frequencies, 0 <f < (YR,T, where8fA uT is the linewidth of the free-running junction. This
noise spectral density is a nonlinear superposition of wide-band thermal and shot noise
converted by the Josephson junction to low frequencies [8, 13]. The current noise is
transformed into voltage (and consequently, frequency) fluctuations by the differential
resistance, Rd

B = aviah, associated with the bias current IB. The dependence of the
calculate linewidth for the lumped tunnel junction is shown as curve 1 in Fig. 2. The
experimental values of the FFO linewidth (asterisks in Fig. 2) are considerably larger than
predicted [8, 13, 14]. Furthermore, there is a plateau where the linewidth does not decrease
below a few hundreds of kilohertz while Rd

B decreasing below 0.003 Q. To explain such
behavior an additional noise contribution is needed; furthermore since the FFO line shape
remains Lorentzian at FSs with small Rd

B we can conclude that this extra noise is wideband.
Thus the standard noise model for lumped (short) tunnel junction is insufficient to explain
the noise associated with the flux flow in the distributed long Josephson junction.

Recently an additional noise term, which accounts for the influence of the wideband
noise in the bias current introduced via the magnetic field control line, has been added to
form a phenomenological FFO model [11] (see also [15]):

f= (2rt
./002) (RdB K*RdH)2

where RP = a VFF07aff is the differential resistance associated with the magnetic field , and
K is a coefficient of the order of unity. Note that RP = OVFForal-cd/M, where M is the
mutual inductance between the control line and the FFO, Icy is the current in the control
line. This model allows us to calculate quantitatively the FFO linewidth in the whole
operational range (see Fig. 2 — solid line). The calculated dependence of the linewidth of the
lumped tunnel junction [8, 13] for the case of wide-band fluctuations only via 1B (K= 0) is
shown in Fig. 2 by the dashed line 1), the dependence for fixed values of Rd' 0.003 52
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and Rda = 0.03 C2 are presented by the dotted and the dash-doted lines 2) and 3),
respectively. The solid line is calculated for each experimental point taking into account all
relevant parameters (lB, V, &a, Rda , etc.). Indeed the calculations agree with the measured
linewidth over the whole range of experimental parameters by using K — 1 both on the Fiske
steps and on the flux flow step. The fact that K =1 gives the best fit is not understood, but it
may relate to the geometry of the junction and the control line. The increase of the intrinsic
linewidth at the R d

B value of about 0.01 S2 is related to the strong increase of the internal
damping [12] caused by Josephson self-coupling (JSC) at voltages V > Vjsr = 1/3*Vgap
(Vjsc corresponds to 450 GHz for Nb-A10x-Nb FFO). As a result the FFO IVCs are
deformed at Vjsr (see Fig. 4 below) and Rda' increases. The dependence of the FF0 radiation
linewidth on Rd" is shown in Fig. 3

100

10

Fig. 2. Dependence of FF0 radiation linewidth on the bias current differential resistance RdB
Curves 1 - 3 are calculated for the following parameters: Vdc= 1 mV, Iqp=3 mA, 4=7 mA, T eff

=
 4.2 K.

0.002 0.01 0.07

Control Line Differential Resistance, Rd
a
 (n)

Fig. 3. Dependence of the FFO radiation line),vidth on the control line differential resistance RdCL . The
solid curve is calculated for each experimental point for measured parameters (lB, V, Rd 

B) , Tetf
= 4.2 K.
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In order to phase lock the FF0 one has to decrease the free running linewidth, which
(in accordance to Eq. 1 and Fig. 2, 3) is mainly determined by RdB and Rd New designs of
the FF0 have been developed to achieve this, one design is shown in Fig. 1. A typical set of
the corresponding FFO IVCs is shown in Fig. 4. Data were recorded with incremented
magnetic field. Each IVC was measured for a fixed control line current, 'CL which is then
incremented by Ma 0.5 mA before the next IVC is recorded. The dependence of the Rd's and
RdCL on the FFO voltage is shown in Fig. 5.

Fig. 4. TVCs of theFf0 with new design, measured with incremented magnetic field (IcL = 10-35 mA)

Fig. 5. Dependence of the differential resistances Rd
B and R{I

CL 

on FF0 voltage measured
at different bias currents, 1B.
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Fig. 5 shows a well-defined dependence of RP' on bias voltage (FFO frequency).
This has been observed for all tested FFO of very different designs and may be considered
as universal and fundamental. Presumably it reflects the fact that introduction of an
additional fluxon in the junction requires increasing control line current as the fluxon chain
gets denser. One can see that Rd

a has a minimum at 1.45 mV (corresponding to a FFO
frequency of 725 GHz). The position of this minimum approximately coincides with Vg/2

and changes with temperature as Vg. At IB = 11 mA the Rd
a value increases considerably

from 0.03 S2 (that results in free-running linewidth of about 5 MHz) to almost 0.08 S2 at
500 GHz (1.03 mV). The free-running FFO linewidth correspondingly increases almost 10
times that considerably complicates the phase locking of FFO. Note that the JSC effect is
important only for 0.9 mV < V < 1.1 mV.

The FFO, as any Josephson junction, is a perfect voltage-controlled oscillator and
hence its frequency can be stabilized and the FFO linewidth can be decreased by phase
locking to an external reference source using a phase-lock loop (PLL) system with
bandwidth larger than 8fA ur. Actually, a PLL system will effectively suppress the influence
from external low frequency fluctuations and alter the differential resistances RI? and Rda
in the bias point. We have developed a special PLL unit utilizing an integrated SIS
harmonic mixer to down-convert the FFO signal to a 400 MHz IF signal. After
amplification the IF signal is compared to a 400 MHz reference signal in an analog phase
detector, the output of which is fed to the FFO bias supply. All reference signals as well as
the spectrum analyzer used to display the phase noise on the IF signal are phase-locked to a
common 10 MHz reference oscillator. The PLL unit is optimized for operation with a low
signal-to-noise ratio at a minimal time delay (measured delay of about 5 ns corresponds to a
regulation bandwidth of 50 MHz). The bandwidth of the complete PLL system, Afpn, is
further limited to 15 MHz due to the delay in its 2 m long cables, but it still exceeds the
free-running linewidth of the FFO with new design.

Earlier, phase locking of a Josephson oscillator was demonstrated in the frequency
range 250 — 450 GHz [16] for a FFO biased on resonant Fiske steps. In this case the initial
free-running FFO linewidth (FWHP, full width, half power) was only about 1 MHz due to
the low dynamic resistance of the Fiske resonances. The new design of the FFO [10, 11]
results in a decrease of the free-running FFO linewidth in the flux flow regime for V > VJSC.
Along with development of an improved wideband PLL system it enables us to phase lock
FFO in the frequency range from 490 to 712 GHz, limited only by the gap value of the Nb-
A10x-Nb junction. Fig. 7 demonstrates the spectra of the frequency and phase locked FFO
operating at 707 GHz. The wings at the curve "A" of Fig. 7a mark the frequency difference
from the carrier at which the phase of the return signal from PLL system is shifted by 7c/2
that results in some increase of the phase noise.

The PLL system, of course, cannot change the wide-band thermal and shot noise
fluctuations, but it can diminish both differential resistances (at frequencies f < Afpu) to
zero. This manifests itself as a constant-voltage step in the dc I-V curve of the FFO. Note
that a similar step with finite slope and larger voltage and current span appears when the
FFO is only frequency locked (see Fig. 6). The voltage locking range here is about 5 1.1,V
corresponding to a frequency range of about 2.5 GHz.
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According to Eq. (1) the zero dynamic resistance created by the PLL system results
in an infinitely sharp spectral line. Indeed, as seen in Fig. 7 b, a 1 Hz linewidth is measured
at 707 GHz relative to the reference oscillator. The 1 Hz is an artifact caused by the limited
frequency resolution of the spectrum analyzer. One can see that the residual phase noise is
as low as 75 dB below the carrier. The dependence of the phase noise on the frequency
offset from the carrier is shown with diamonds in Fig. 8. Even lower phase noise has been
measured for a FFO in the resonant regime when biased on the steep Fiske steps, f =
450 GHz (see Fig. 8). In order to find the "absolute" (total) phase noise of the phase-locked
FFO one should add the noise of the reference oscillator multiplied by n 2 where n is the
harmonic number used in the harmonic mixing. The absolute FFO phase noise (solid lines
in Fig. 8) is dominated by the reference oscillator noise for offsets < 1 MHz. Note that the
measured phase noise already meets the requirements for single dish radio astronomy and
atmospheric missions. It should be mentioned that the phase noise at large offsets probably
is limited by the measuring system rather than by the FFO itself.

Since the free-running FFO line shape is Lorentzian, the FFO power inside the
effective PLL regulation bandwidth can be calculated, see Fig. 9. From this figure one can
see that the initial FFO linewidth should not exceed 3.5 MHz to insure that the phase-
locked FFO oscillates with 90% of the total power. The present set-up has an effective PLL
bandwidth of about 15 MHz. The "unlocked" rest of the total FFO power will increase both
the phase noise (compare curves with different free-running linewidth in Fig. 8) and the
calibration error. The calibration error of the spectrometer noise temperature will be
approximately equal to the percentage of the unlocked FFO power. To overcome this
problem an additional decrease of the FFO free-running linewidth (new designs with
smaller Rd

B and Rd
cl) and an increase of the PLL regulation bandwidth are required. In this

respect the ongoing design of a new ultra-wideband PLL system that can operates at
cryogenic temperature seems very promising.

1,445 1,450 1,455 1,460

FFO Volmage (my)

Fig. 6. IVC of a FFO, frequency locked at 700 GHz.
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Fig. 7. Residual spectra of a FFO operating at 707A5 GHz. (a) Frequency locked FFO (A) and
phase locked FFO (B); the free running linewidth is (Km- = 6.3 MHz, spectrum analyzer span
100 MHz. (b) Down converted spectrum, span 100 Hz. T= 4.2 K

In order to resolve a weak signal adjacent to a strong line the PL FFO must have a
well-defined line-shape. The dynamic range of the spectrometer is closely related to the
ratio between the carrier and the spectral power density (FFO phase noise) at a frequency
offset equivalent to the channel spacing of the spectrometer. The phase noise of the phase-
locked FFO is about -80 dBc/Hz at the 1 MHz offset from the carrier for fFFID 700 GHz
(see Fig. 8). For a 1 MHz channel this gives a dynamic range of 20 dB for the spectrometer.
This figure exactly corresponds to the requirements for the HIFI wide band spectrometer (WBS).

- Phase locked FFO, C o = 70745 GHz (afaut = 63 MHz)
- 1r Phase locked FFO, f, 450 GH. 03 MHz)

0  Synthesizer at 18 GHz * (n = 24)
- Absoiute FF0 phase noise, 450 GHz (n 24)

- Absolute FFO phase noise, f Fpo = 707.45 GH. (n = 39)
3 HP Synthesither at 18 GH.
• HIFI Specification for 24-35 GH. Synthesither

-140
1

I MI, I I UN I 1 III/19 I WEI I 1 W WI. I ii 1 1111, nil

10 100 1k 10k 100k 1M 10M 100M 1G

Offset from Carrier (Hz)

Fig. 8. Phase noise of a phase-locked FFO measured at different frequencies. Since the phase
noise of the FF0 is measured relative to the nth harmonic of a synthesized oscillator, its noise,
multiplied by a factor n2 , should be added to the residual FFO noise to get the total (absolute) FF0
phase noise — solid and dash lines.
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Ratio of the FF0 power in the PLL B 5 MHz) to total FFO power

Autonomous FFO linewidth (3 dB)

Fig. 9. Dependence of the ratio of phase-locked FFO power to total power emitted on the
autonomous 3 dB linewidth, calculated for a Lorentzian line shape and an effective PLL
BW = 15 MHz.

The noise level of a phase-locked FFO at an offset from the carrier equal to the
receiver intermediate frequency (IF) will couple to the SIS mixer and raise the SIR noise
level. Usually the IF (say, 4 — 8 GHz) is far above the PLL regulation bandwidth
(< 100 MHz), the phase noise of the synthesizer and PLL will not contribute to the FFO
noise. However, for safe calculations of the requirements for FFO noise at large offsets we
may assume that this noise, Tw, contributes less than 10% of the receiver noise (say TR=

200 K at 650 GHz, so T.Lo < 20 K). This value of TR corresponds to a value of about
0,65*hf/kB at f = 650 GHz, where h and kB are Planck's and Boltzmann's constants,
respectively. The carrier power can be estimated as the power required for pumping a SIS
mixer at a specified frequency. The optimal FFO power delivered to the mixer at the LO
frequency is

PLO"t = (a*hf1,02 ffe2*Riy), (2)

where RH is the SIS mixer high frequency resistance (approx. the normal state resistance,
say 10 Q) and a =0.8. For fLo = 650 GHz PLo°Pt = 460 nW. The allowed noise/carrier
ration (NCR) can be calculated as

10 log ( PLo°P)NCR = 10 log (TL0* kB) — = -152 dBc/Hz. (3)

Certainly such low phase noise cannot be directly measured by any available
technique. Indirectly, however, we already did this when we compared the noise
temperature of the integrated receiver pumped by an internal FFO and an external local
oscillator and carefully estimated the receiver noise temperature budget. Within the
accuracy of the measurements we can conclude that the FFO did not add to the receiver
noise temperature more than 20 K at an IF = 1-2 GHz. It should be noted that balanced
mixers reject the LO noise to some degree and will further diminish the LO noise.
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In conclusion, a considerable narrowing of the free-running FFO linewidth (compared
to all previous measurements) along with the construction of a wide-band PLL system have
enabled us to phase lock a Nb-A10x-Nb FFO in the frequency range 490 — 712 GHz where
continuous frequency tuning is possible. An absolute FFO phase noise as low as —73 dBc
and —69 dBc at 100 kHz offset from the carrier has been achieved at 450 and 707 GHz,
respectively. This satisfies requirements for single dish radio astronomy missions and
atmospheric monitoring.
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