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Overview
The Superconducting Integrated Receiver (SIR)
SIS mixer, coupling to antenna and LO

Josephson oscillators, Flux Flow Oscillator (FFO), emitted power 
IB -V- ICL curves, Fiske Steps (FS), Flux Flow Step, sine-Gordon eq. 

The SIR in action. SRON and the TELIS project

FFO linewidth

FFO tunability, frequency and phase locking, PLL
Simple theory for FFO linewidth

• Theory long ideal (“bare”) junction 
• Magnetic field from bias current, short junction with coil 
• Examples 
• Measurements, the K-factor

Conclusion and outlook



FFO-NN-2009

The 
All-Superconducting Integrated Receiver (SIR)

is based on the
quasi-particle (SIS) mixer/detector

pumped by the Flux Flow Oscillator (FFO)
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Micro-photograph
of the SIR chip 
with antenna,
SIS-mixer and 
phase-locked FFO

Chip size is 
4 mm by 4 mm.



FFO-NN-2009

Blow-up
of central
part of SIR
chip showing:

Double
quarter-wave
antenna

SIS mixer

LO (FFO)
feeder

IF out & DC
bias
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SIS
junction

Quasi-particle
current vs.

temperature 
shows also

Δ(T)

DC I-V curve
for 

Used in the
SIS mixer
and in many
bolometric
detectors
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Arrows point at the 
first Shapiro steps
(JVS) and the 
quasi-particle steps
(photon assisted 
tunneling, PAT) 

SIS mixer pumped at 260,
350, 530 and 665 GHz

Josephson junction subjected to high frequency signals
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Nine-pixel 
Imaging 

Array 
Receiver 

Block.
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Antenna-Lens Beam Pattern of the SIR at 625 GHz
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Sub-mm receiver with 
external LO (BWO)



FFO-NN-2009

Noise Temperature of the 
TErahertz LImb Sounder (TELIS) SIR (DSB)

Water line
557 GHz



FFO-NN-2009

Josephson oscillators
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only a few microwatts needed on-chip!
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SIS

SNS

ScS

Three types of Josephson junctions

DC I-V curve for SIS junction
(current biased, idealized)

I = IC sin φ

∂ φ /∂ t = (2π/Φ0)V

Josephson effect
and equations
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Current biased 
resistively shunted junction

(RSJ) model  
(negligible capacitance)

DC I-V curve

γrf ∝ available for rf
γR ∝ resistive loss

Power, linewidth
and tunability
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The long (L >> λJ) Josephson tunnel junction

FFO: Viscous flow of magnetic quanta driven by
a bias current and an applied magnetic field

The resonant soliton oscillator, RSO, without applied magnetic field
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Bare junction, long rectangular geometry

Modeled by the perturbed 1-D sine-Gordon equation
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FFO

Numerical
calculation
of flux flow
in long JJ
(Y. Zhang)

Note:
sinusoidal
output
voltage, low
content of
higher
harmonics
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Calculated DC I-V curve for FFO
Numerical simulation with normalized length = 15,
normalized magnetic field = 6 and damping α = 0.1

Fraunhofer diffraction pattern

(voltage)
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ur
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nt
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Set of IVCs for Nb-AlOx-Nb FFO recorded for fixed control line current, ICL,,
which is then incremented by ΔICL≈ 0.5 mA before the next IVC is recorded.

MOST IMPORTANT IS TUNABILITYDC and RF properties are understood
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The SIR in action
with

SRON, Netherlands Institute for Space Research 
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Heterodyne Receivers at SRON

•• HEBHEB--QCL research up to 6 THzQCL research up to 6 THz

•• HIFI HIFI -- Herschel SpaceHerschel Space ObservatoryObservatory
–– 480 to 1900 GHz SIS/HEB480 to 1900 GHz SIS/HEB

•• Terahertz Limb Sounder (TELIS)Terahertz Limb Sounder (TELIS)
-- 650 GHz Integrated Receiver650 GHz Integrated Receiver

•• Atacama Large Millimeter Array (ALMA)Atacama Large Millimeter Array (ALMA)
–– 650 GHz SIS650 GHz SIS

•• Atacama Pathfinder Experiment (APEX)Atacama Pathfinder Experiment (APEX)
-- 650 GHz / 810 GHz mixer array650 GHz / 810 GHz mixer array

•• Space interferometer concept Space interferometer concept 
and and MillimetronMillimetron
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Typical atmospheric spectrum

The SIR is a high resolution spectrometer
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TELIS schematics
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Photo of the T4m SIR chip

Silicon (Si);
4 x 4 x 0.5 mm3

Nb-AlOx-Nb or  
Nb-AlN-NbN
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SIR Microcircuit for TELIS

FFO
400*16 μm2

Double-slot
twin SIS – 0.8 μm2

HM – 1.0 μm2

Nb-AlN-NbN or  Nb-AlOx-Nb;     Jc = 5 - 10 kA/cm2 

Optionally: SIS – Jc = 8 kA/cm2;  FFO + HM = 4 kA/cm2 
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Nb-AlN-NbN SIS pumped by FFO; 
FFO frequency tuning
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Nb-AlN-NbN SIR – new features

400 GHz

700 GHz
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SIR Mixer Block with Shields
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First test flight was in June 2008 
(Terezina, Brazil). Unfortunately some 
cables got too rigid and the cryostat 
lost vacuum when the balloon passed 
the tropopause (temperature was 
almost -70oC). 

But before that our SIR works perfectly 
(almost 3 hours of flight!). Furthermore, 
all devices are OK after landing.

Next flight was successful with 12 
hours  February 2009 in Kiruna, 
Sweden 

TELIS project

The tropopause is 
between the 
troposphere and the 

stratosphere.
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Esrange,

Kiruna,

Sweden

February 
2009
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ALMA –
The Atacama Large Millimeter Array

ALMA = Interferometer of 50+ antennas (12 m dia. each)
Working from 30 to 950 GHz
To be located in Northern Chile at 5000m altitude
Construction started, completion in 2012
Joint project Europe – North America – Japan
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ESO’s ALMA project in  Chile
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Spectral linewidth of the FFO
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Central part of microcircuit used for FFO 
linewidth measurements



FFO-NN-2009

Theoretical linewidth of ideal FFO

2

2
0

(0)dR
ISν π

Φ
Δ =

{ }(0)=2 coth( ) 2 coth(2 )I qp sS e I Iα α+

 =( ) /(2  )dc B effeV k Tα

Δν (FWHP, full width half power) of the short Josephson oscillator
is determined by internal low frequency current fluctuations

with

and

(as of most other (all?) Josephson oscillators)



FFO-NN-2009

Measurement of  pair and quasiparticle current 
components on FFO I-V curves
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Experimental linewidth can be fitted with
2

2
0

(0)dR
ISν π

Φ
Δ =

2 ' 2( )cl

d d dR R K R= + ⋅

' /d bR V I= ∂ ∂ /
cl

cl
dR V I= ∂ ∂where

are the derivative of the measured voltage, V, with respect to the 
DC bias current, Ib, and DC control line current,  Icl, respectively.

and

Using a modified dynamic resistance

Note: No theoretical justification
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FFO linewidth, example of spectrum
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HD7 FFO linewidth vs differential resistance R´d
Curves
1) K=0
2+3) K=2.9,
fixed Rd

CL

Full curve:
calculated for
experimental 
parameters.
E.g. for 
Vdc= 1 mV, 
Iqp=3 mA, 
Is=7 mA, 
Teff = 4.2 K
best fit:
K=2.9 (ext)
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FFO spectra @ 707.45 GHz

Frequency
locked; the
free-running 
linewidth is 
δfAUT=6.3MHz

and 

phase-locked
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FFO spectrum @ 707.45 GHz
Phase-locked
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Experimental phase noise at 450 and 707 GHz

Note:
synthesizer noise
multiplied by a 
factor n2, should 
be added 
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Mono-crystalline Sapphire
Dielectric Resonator

Operated in high-order eigen-solutions to Maxwells equations so-called
”Whispering Gallery Modes” (WGM).

Fields decay 
exponentially in radial 
direction     

→
Sapphire axis  →

Cylindrical sapphire crystal 
in cylindrical copper cavity

Coupling loop →
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Whispering Gallery Mode Sapphire Oscillator
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Simple theory for the linewidth of
the FFO (or any Josephson oscillator)
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and the normalized I-V curve is

Bare junction 
again 
(sine-Gordon)
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Bare junction, dynamic resistances
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Long Josephson junction with magnetic field 
generated by the bias current

i

JJ

Analog example: 
Short JJ with coil

i
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Magnetic field generated by the bias current
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Construction of “measured” I-V curve from
three “bare” junction I-V curves

Note:
rd´= 0 
and even
“back-bending”
is  possible 

icl 1 > icl 2 > icl 3

K = σ/β > 0

The long lasting
mistake
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FFO with “unbiased tail”

The bias current generates a magnetic field 
that gives a steeper flux flow step
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The three examples where we can clculate K
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Examples no 1 and no 2
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Example 2, Half-inline

Note:

Figures not to scale

The currents flow
in the top or 
bottom of the 
superconducting
films connecting to 
the “tunnel region”
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Example no 3, pure inline

Fig.4
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Sobolev’s experimental proof of
2

2
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(0)dR
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2 ' 2( )cl

d d dR R K R= + ⋅

' /d bR V I= ∂ ∂ /
cl

cl
dR V I= ∂ ∂where

are the derivative of the measured voltage, V, with respect to the 
DC bias current, Ib, and DC control line current,  Icl, respectively.

and

Using a modified dynamic resistance

Note: No theoretical justification
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Chip lay-out
(HD6)

Arrows show
directions for
bias current 
(black) and 
control line
current (green) 
with “standard”
bias configuration
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The 5 different bias configurations
(Chip HD6)
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Note:
factor 3 scales 
green curve 
to red curve

Factor 2.3 
scales black 
curve to 
green curve
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ICL-V curves for different FFO bias
configurations, K-values
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Conclusion and outlook
• Does the proposed simple theory for the linewidth of the FFO 

solve the long lasting discrepancy between theory and 
experiments?

• Do all Josephson oscillators - also those with additional 
magnetic bias - obey the short junction linewidth equation? 

• The functional dependence on the two dynamic resistances 
seems to agree with recent measurements with different K-
values, both positive and negative. Correlation. More 
experiments are needed!

• Accurate design rules for the FFO giving power and linewidth 
are required.

• Has anybody observed the parametric magnetic effect in short 
junctions with strong magnetic coupling (coil)?  Make 
simulations! Is this effect important in the FFO?
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Fin
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