
 

 

 

 

 

 

Thales Alenia Space and Arianespace sign launch contract for first  
pan-African satellite RASCOM 1  

!

!

Paris Air Show Le Bourget, June 21, 2007 –  Thales Alenia Space and Arianespace today 
announced the signature of the launch Service & Solutions contract for the first pan-African 
communications satellite, RASCOM 1, dedicated to the African continent. The satellite is 
scheduled for launch into a geostationary transfer orbit in the last quarter of 2007 by an 
Ariane 5 launcher from Europe’s Spaceport in Kourou, French Guiana.  
 
RASCOM 1, built by Thales Alenia Space as part of a turnkey contract with RascomStar-
QAF, will provide telecommunication services in rural areas of Africa, as well as domestic 
and international connections, direct TV broadcast services and Internet access during 15 
years. 
 
Based on a Spacebus 4000B3 platform, RASCOM 1 is equipped with 12 Ku-band 
transponders and eight C-band transponders. It will weigh about 3,200 kg at launch, will have 
a 6.4 kW power end of life and will be positioned at 2.85 degrees East.  
 
In the scope of the RASCOM program, Thales Alenia Space supplies both the in-orbit 
satellite delivery and its associated ground infrastructure including the mission, business, and 
ground control segments. 
 
Pascale Sourisse, President and CEO of Thales Alenia Space commented: “We are very 
proud of participating in this program that will contribute to bridging the digital divide between 
rural and urban areas and to ensuring economical development in Africa. This ambitious 
project is a natural fit with our businesses since we believe that everybody should enjoy 
access to the resources needed to communicate.” She added: “This contract highlights the 
successful cooperation between Thales Alenia Space and Arianespace as four Spacebus 
satellites will be launched from Kourou in the next months.” 
 
“We are very honored by RascomStar-QAF and Thales Alenia Space’s confidence in us,” 
said Jean-Yves Le Gall, Chairman and CEO of Arianespace. “Their selection reflects the 
excellence of Arianespace’s launch Service & Solutions. With RASCOM 1, RascomStar-QAF  
will be able to offer a full range of dedicated telecommunications services for the entire 
African continent.”  
 
 
About Thales Alenia Space 
European leader in satellite systems and at the forefront of orbital infrastructures, Thales Alenia Space 
is a joint venture between Thales (67%) and Finmeccanica (33%). Together with Telespazio, Thales 
Alenia Space forms the “Space Alliance” between the two groups. The company is a worldwide 
reference in telecoms, radar and optical Earth observation, defense and security, navigation and 
science. With 7200 employees and 11 industrial sites, Thales Alenia Space is located in France, Italy, 
Spain and Belgium. www.thalesaleniaspace.com 
 
Thales Alenia Space Press Contact 
Florence Pontieux  Tel: +33 (0)1 57 77 91 26 florence.pontieux@thalesaleniaspace.com 
Sandrine Bielecki Tel: +33 (0)4 92 92 70 94 sandrine.bielecki@thalesaleniaspace.com  
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Pourquoi la logique RSFQ?
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Rapid Single Flux Quantum logic based on Josephson junctions

✓Superconductor transmission lines

✓Switching  time about 1-3 picoseconds

✓Power consumption of 2 orders lower then a CMOS 
transistor considering the cryocooler power

Very small dispersion

High Frequency  (0.5-1 THz)

High Bit Rate

Very small attenuation

Very small dissipation
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Fc=30 GHz
B=500 MHz 8 bits

Fs=200 GHz

9K 9K

Sigma Delta
Modulator

Decimation
Filter

Superconducting
Rapid Single Flux Quantum Logic

1 bit

Analog-to-Digital Converter based on ∑∆ Architecture

✓Niobium Nitride (NbN) superconductor (Tc=16 K)

New technology:

✓ Self-shunted Josephson junctions NbN/TaXN/NbN
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La modulation Sigma-Delta
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Transfert Function Order

Oversampling Ratio (OSR) 
OSR=Fs/2B

Modulator Order (l)

H(s) =
Y (s)
X(s)
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Le filtre de décimation
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Time
Sigma-Delta Modulator 1 Bit Output

0  1  0  1  1  1  0  0  1  0  1  0  1  1  0  1  0  1  0  1  1  0{
9 bits at 1 over 16 bits

1 0 0 1

Decimation Filter 
Output

9
16

= 0.5625

Sinc Filter

k = l + 1

The filter order (k) must be higher 
than the modulator order (l)

Resolution    1 M bits Decimation Factor N = 2M

Increases the resolution of the conversion

Mean over N bits of the modulator output

H(f) =
[sinc(Nf/fS)

sinc(f/fS)

]k
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La jonction Josephson (JJ)
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|Ψ2|ejφ2

V =
Φ0

2π

dφ

dt

Is = Ic sinφ R(V) C
Is V

i

i = βcφ̈ + φ̇ + sin φ

RCSJ Model

βc =
2πICR(V )2C

Φ0

Stewart-
McCumber 

Factor
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Le principe de la logique RSFQ
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Low-Pass Sigma-Delta 
ADC Architecture 

Band-Pass Sigma-Delta 
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Fig. 9. Measured output spectra at 42.6 GHz.

Fig. 10. Measured SNR versus input signal level.

Fig. 9. The quantization noise is suppressed at 2.23 GHz and at

higher frequencies corresponding to higher order modes on the

microstrip line. The quarter-wave resonant frequency of 2.23

GHz is about 7% higher than that predicted by detailed circuit

simulations [8]. Most likely, the effective dielectric constant of

the microstrip transmission line is smaller than expected. (Since

inductances are more important than capacitances in Josephson

circuits, dielectric constants are not accurately characterized

in most Josephson integrated circuit processes.) The width

( 500 MHz) of the input tone at 1.7 GHz simply reflects the

low frequency resolution of the 256-point FFTs averaged in

making the plot. The input frequency is chosen so that this wide

tone does not obscure the quantization noise near quarter-wave

resonance. The low resolution of the 256-point FFTs smears the

quantization noise spectra near 2.23 GHz, increasing measured

in-band noise. The amplitude of an FS input is 17.4 dBm (30

mV rms into 50 ). After accounting for the 6-dB attenuator

on the test chip, input sensitivity is about 2 dB higher than

predicted by (4). The SNR as a function of input signal level

is plotted in Fig. 10. Peak SNR over a 20.8-MHz bandwidth is

over 49 dB. As just explained, the measured SNR is limited by

the frequency resolution of the 256-point FFTs upon which the

plot is based.

Fig. 11 plots the in-band noise over a 20-MHz bandwidth as a

function of sampling rate. While all the in-band noise levels are

compromised by the low frequency resolution of the measure-

ments, the general dependence on sampling rate is clear. Near

Fig. 11. Measured in-band noise versus sampling rate.

Fig. 12. Comparison of idle channel spectra obtained by segmented
correlation with 256-point FFTs of experimental data ( 40.2 GHz).

20 GHz, the on-chip Josephson oscillator has poor frequency

stability and relatively high jitter. Consequently, in-band noise

with the on-chip source is almost 6 dB higher than with the

optical clock. The frequency stability and jitter of the on-chip

source improve at higher frequencies. For sampling rates be-

tween 33 and 42.6 GHz, the increase in oversampling ratio more

than compensates for the higher jitter of the on-chip source.

Lowest in-band noise is found at 40.2 GHz, where the Josephson

oscillator has the narrowest linewidth according to analog spec-

trum analyzer measurements. Above 45 GHz, the digital cir-

cuitry of the test chip malfunctions, and no meaningful data can

be acquired.

Lower in-band noise levels at a 40.2-GHz sampling rate

are measured by increasing the frequency resolution with

segmented correlation. Idle channel spectra obtained by es-

timating up to various values of are compared with

(averaged) 256-point FFTs in Fig. 12. Resolution enhancement

by segmented correlation reduces the measured in-band noise

over a 19.6-MHz bandwidth by over 3 dB, to 57 dBFS.

Frequency variations of the on-chip oscillator ( 0.05%)

hinder estimation of beyond 511. To compare with

theory, the experimental spectrum obtained by estimating

up to 511 is compared with averaging 512-point FFTs

of circuit simulation data in Fig. 13. The resonant frequency

of the simulated circuit is chosen to match the experimental

data; no other fitting parameters are used. The measured and

simulated in-band noise levels match almost perfectly. Since

the limited resolution of the 512-point FFTs degrades the

Fs=42.6 GHz

F=1.7 GHz
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Fig. 2. The block diagram of the multi-bit sigma-delta modulator with 4
samplers. Delay time is a quarter of the sampling period. The multi-bit
decoder converts outputs of the samplers to binary codes.

sigma-delta modulator working at extremely high sampling fre-
quencies. The pulse density, that is, an interval between adjacent
pulses is read by a delayed-flip-flop (DFF) at every sampling
clock. At that time, the rounding error is added to the output
of the DFF because asynchronous PDM signals are rounded to
clock. This modulator has the same performance as a conven-
tional SFQ sigma-delta modulator [9]. However, this modulator
can improves its SNR by fine detection of the time interval of
the PDM signals.

B. Multiple Samplers and Multi-Bit Decoder

To improve accuracy, the DFF needs to operate at higher sam-
pling frequencies. However, the DFF has the limit of operating
speed. The limit is numerically obtained to be about 50 GHz
at the NEC standard process of [12]. In
addition, higher sampling frequencies make it difficult to de-
sign the decimation filter placed after the modulator. Accord-
ingly, we took another way for fine detection of the time in-
terval by using multiple samplers. Fig. 2 shows the block di-
agram of the multi-bit sigma-delta modulator with 4 samplers.
The PDM signal from the quantizer is duplicated at each splitter,
and provided to 4 DFFs. The PDM signal reaches 4 DFFs simul-
taneously. Sampling clock signal is split into four. Each sam-
pling clock is delayed by a quarter of the sampling period. Each
DFF compares the arrival timing of a PDM signal with that
of the clock. If the PDM signal reaches the DFF before clock
signal, the DFF outputs an SFQ pulse. Therefore, internal sam-
pling frequency that samples PDM signals is quadruple to that of
the original sampling clock. The multi-bit decoder placed after
the samplers transfers the outputs of the DFFs into the corre-
sponding binary code. This operation of the multi-bit decoder
is the same as back-end of the phase modulator [6], while the
characteristics of the modulator are different between the two
in the modulation manner and in the acceptable magnitude of
the input signal. Fig. 3 shows the block diagram of the multi-bit
decoder. Operation of the multi-bit decoder is the same as that
of the adder with 4 inputs. The multi-bit decoder, thus, outputs
5 levels (0, 1, 2, 3, 4) at every sampling clock. This combination
of the multi-bit decoder and samplers behaves as a sigma-delta
modulator and second-order sync decimation filter running at 4
times higher frequency.

Fig. 4 shows a result of the simulation for the multi-bit sigma-
delta modulator with 4 samplers. Signal frequency is 78 MHz

Fig. 3. The block diagram of the multi-bit decoder. T1 cell is a toggled flip
flop with a destructive readout. The operation of the decoder is the same as an
adder with 4 input ports. CB means a confluence buffer.

Fig. 4. Results of simulation of the multi-bit sigma-delta modulator. (a)
Waveform of the input signal. (b) Waveform of the PDM signal. (c) Output
of the multi-bit decoder. (d) Power spectrum of the waveform of output of the
multi-bit decoder.

and bandwidth is 100 MHz. Sampling frequency is 40 GHz. Nu-
merically obtained performances for the multi-bit modulators
with 1, 2, 4 and 8 samplers are summarized at Table I. The SNR,
effective-number-of-bit (ENOB) and quantization unit are im-
proved by increasing the number of the samplers. If an external
noise is lower than the quantization unit, the quantization unit
can be considered as the sensitivity of ADC.

F=10 MHz

Fs=56 GHz

10 bits

3942 JJs (2 µm)
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Fig. 5. Block diagram of 1 : 4 DEMUX.

Fig. 6. Counter with programmable relative delay.

between the pad and the modulator input. As discussed above,

the modulator is clocked either optically or by the on-chip os-

cillator. A 1 : 4 DEMUX converts the 1-b modulator output to

4-b words at , allowing the largest digital circuits on the

chip to operate at a reduced clock rate. The DEMUX output is

loaded into shift register banks A and B, under the control of

a programmable counter. Each 128-b bank is organized as four

rows of 32-b shift registers. After loading, a readout controller

transfers the data to output drivers [16] with 2-mV logic levels,

which are detected with room-temperature amplifiers.

Fig. 5 is a block diagram of the 1 : 4DEMUX. The design uses

a binary tree architecture commonly used in semiconductor de-

signs. TheD flip-flops align the output bits with the clock output

at . The front end of the DEMUX is the most complex cir-

cuit on the chip operating at . To achieve highest operating

speed, the delays along the data paths (shown in black) and the

clock paths (shown in gray) are carefully matched. In addition,

the delays of the Josephson transmission lines [10] along paths

A, B, and C are tuned with external currents to optimize race

conditions.

Fig. 6 is a block diagram of the programmable counter.

The LOADA and LOADB outputs initiate loading of shift

register banks A and B, respectively. The T and D flip-flops

form a low-skew frequency divider described in [17], but

a programmable relative delay between the LOADA and

LOADB pulses is added with little extra circuitry by switching

the clocking of flip-flops – . Switches through

are controlled by 11 external currents. If all the switches

are in the 0 position, the pipelining latency along the lower

row of D flip-flops matches that along the upper row, and

the LOADA and LOADB pulses are generated on the same

cycle of CLK. If one or more of the switches is moved to

the 1 position, the LOADB pulse is delayed relative to the

LOADA pulse. In general, switching from 0 to 1 increases

the pipelining latency by 2 CLK cycles, so the relative delay

(in CLK periods) between the LOADA and LOADB pulses

equals the 11-b code given by – (from 0 to 2047). Since

the counter is clocked at , (the number of bits skipped

Fig. 7. Micrograph of the modulator test chip.

Fig. 8. Output waveforms generated by test chip when clocked by an optical
source ( 20.6 GHz).

for segmented correlation) can be varied from 0 to 8060, in

increments of 4. Maximum operating frequency is independent

of counter length and equals 21 GHz according to circuit

simulations.

The modulator test chip, shown in Fig. 7, employs 4065

Josephson junctions and is fabricated in Nb/AlO /Nb tech-

nology with 1 kA/cm critical current density. The chip size

(6.3 mm 6.3 mm) is chosen to fit our cryogenic sample

holder. The supply current for the chip is 0.82 A. Since the

power supply voltage is just over 2 mV, power dissipation is

only 1.9 mW. The operating temperature is 4.2 K, the

boiling point of liquid helium.

VI. EXPERIMENTAL RESULTS

Fig. 8 shows the output waveforms generated by the chip

when optically clocked at 20.6 GHz. Two output signals are

generated. The first, called DATA, represents the modulator

output captured with the 256-b acquisition memory. The

readout controller unloads the data from the on-chip memory

at 161 Mb/s ( ). The relatively low bandwidth require-

ments for readout allow amplification of the output signals

with a high SNR, and the bit error rate (BER) is negligible. The

second output, called START, is a framing signal. In particular,

the missing pulse on the START bit marks the beginning of the

256-b sequence captured by the on-chip memory.

While the chip has been used with the 20.6-GHz optical

clock, higher oversampling ratios and SNR are attained with

the on-chip clock source operating near 40 GHz. Output spectra

of the modulator at a 42.6-GHz sampling rate are shown in

4096 JJs (3 µm)

[Japan (NEC)] [USA (HYPRES)]

6000 JJs (2 µm)

High-resolution ADC operation up to 19.6 GHz clock frequency
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Figure 2. Measurement of the 2G ADC chip at 18.6 GHz clock using 16K-point FFT for a 10 MHz input sine wave. (a) 145 MS/s data for
a 1:128 on-chip decimation and (b) 36 MS/s data with an additional 1:4 off-chip averaging.

MATLAB program. Details of this ADC architecture can be
found elsewhere [1, 3].

One way to model all sources of excess noise is to add a
single random (white) noise source to the input signal. This
was done in the MATLAB program simply by adding one sine
wave component (of fixed amplitude, but with random phase)
for each output frequency of the digital Fourier transform. In
this way, we could compare the theoretical model directly with
the measurements, although the results are slightly different
each time due to the random number generator. As one can
see from the figures 7 and 8, the agreement is excellent for
both ADCs for the SINAD and SFDR.

There is only one adjustable parameter for each chip,
which is the rms amplitude of the noise. The fit to a straight

line (with a slope of one) on this log–log plot corresponds to a
noise floor which is independent of amplitude from very small
to the slew rate limit, assuring that the ADC is ideally linear
and does not generate harmonics that impact the frequency
spectrum.

We also used the slew rate limit, above which the
performance of the ADC falls sharply, as a calibration point.
It assures the exact conversion between input signal amplitude
presented in fluxons !0 in simulations and the experimentally
measured signal amplitude in millivolts. For our ADC
architecture, the slew rate limit corresponds to an amplitude of
the signal derivative of one-half flux quantum per clock period,
or a signal amplitude Amax = (!0/2)fclk/2πf , where f is the
signal frequency. For a typical clock frequency of 11.2 GHz

1067

F=10 MHz

Fs=18.6 GHz
15 bits

Tested at 145 Ms/s Tested at 218 Ms/s Tested at 320 Ms/s

Phase Modulation–Demodulation 
 ADC Architecture
[USA (HYPRES)]



E. Baggetta                             PhD Academic Defense - 26 July 2007 /44INPG

Objectif

15

Fc=30 GHz
B=500 MHz 8 bits

Fs=200 GHz

9K 9K

Sigma Delta
Modulator

Decimation
Filter

Superconducting
Rapid Single Flux Quantum Logic

1 bit

Analog-to-Digital Converter based on ∑∆ Architecture



E. Baggetta                             PhD Academic Defense - 26 July 2007 /44INPG

Objectif

15

Fc=30 GHz
B=500 MHz 8 bits

Fs=200 GHz

9K 9K

Sigma Delta
Modulator

Decimation
Filter

Superconducting
Rapid Single Flux Quantum Logic

1 bit

Analog-to-Digital Converter based on ∑∆ Architecture

New technology:

✓ Self-shunted Josephson junctions NbN/TaXN/NbN



E. Baggetta                             PhD Academic Defense - 26 July 2007 /44INPG

Objectif

15

Fc=30 GHz
B=500 MHz 8 bits

Fs=200 GHz

9K 9K

Sigma Delta
Modulator

Decimation
Filter

Superconducting
Rapid Single Flux Quantum Logic

1 bit

Analog-to-Digital Converter based on ∑∆ Architecture

Superconductors Technologies

Nb (9.2 K) NbN (16 K) YBaCuO (90 K)

4.2 K 9 K 40 K
High Complexity (60-10 K JJ) Low Complexity (100 JJ)

[LTS] [HTS]

New technology:

✓ Self-shunted Josephson junctions NbN/TaXN/NbN



E. Baggetta                             PhD Academic Defense - 26 July 2007 /44INPG

Objectif

15

Fc=30 GHz
B=500 MHz 8 bits

Fs=200 GHz

9K 9K

Sigma Delta
Modulator

Decimation
Filter

Superconducting
Rapid Single Flux Quantum Logic

1 bit

Analog-to-Digital Converter based on ∑∆ Architecture

Superconductors Technologies

Nb (9.2 K) NbN (16 K) YBaCuO (90 K)

4.2 K 9 K 40 K
High Complexity (60-10 K JJ) Low Complexity (100 JJ)

[LTS] [HTS]

✓Niobium Nitride (NbN) superconductor (16 K)

Relaxed cryogenic environment
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[thèse J. Bulzachelli 2002 MIT]
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C =
βcΦ0

2πICR2
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In(9K) =
2πkBT

Φ0
! 380nA

3 – Conception des portes logiques et du CAN

F. 3.4. Comparaison des caractéristiques d’une jonction Josephson de
NbN/TaXN/NbN selon les deux modèles, RCSJ et RSJ, d’après le logiciel WinS.

Les deux courbes se superposent bien. βc a été calculé avec la relation 1.28 de Zappe.

T. 3.2. D́   J  NN/TXN/NN

Jonction 2r (µm) Surface (µm2) Ic (µA) RN (Ω) Cs (fF)
JJ1 7,2 40,7 2035 0,86 247
JJ2 4,7 17,3 867 2,02 105
JJ3 4,0 12,5 628 2,78 76
JJ4 3,2 8,0 402 4,35 49
JJ5 2,4 4,5 226 7,74 27
JJ6 1,7 2,3 114 15,35 14

clencher spontanément provoquant des erreurs logiques. Exception faite pour une jonction utilisée
comme horloge donc avec une courant de polarisation, Ib, supérieur à son courant critique, toutes
les jonctions qui font partie d’un circuit RSFQ sont polarisées de façon à ce que i = Ib/IC < 1.

T. 3.3. E  γ    NN/TXN/NN

Jonction JJ1 JJ2 JJ3 JJ4 JJ5 JJ6
γ 5384 2294 1661 1064 598 302

88

∞
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Fluctuations

Switching Errors

Only thermal  noise from bias resistors was considered during JSIM simulations

Only in output
RSFQ circuitsIC ≥ 190µAγ ≥ 500
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clencher spontanément provoquant des erreurs logiques. Exception faite pour une jonction utilisée
comme horloge donc avec une courant de polarisation, Ib, supérieur à son courant critique, toutes
les jonctions qui font partie d’un circuit RSFQ sont polarisées de façon à ce que i = Ib/IC < 1.

T. 3.3. E  γ    NN/TXN/NN

Jonction JJ1 JJ2 JJ3 JJ4 JJ5 JJ6
γ 5384 2294 1661 1064 598 302

88

6 Josephson junctions library

JC(9K) = 5kA/cm2

RNIC(9K) = 1.75mV
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Réalisation des circuits NbN
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Josephson Junction
Selective Niobium Etching Process (5 mask levels) Parasitic 

Josephson Junction
[thèse R. Setzu 2007 UJF]
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Réalisation des circuits NbN
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Josephson Junction
Selective Niobium Etching Process (5 mask levels) Parasitic 

Josephson Junction

From the SNEP to the 10 mask levels process for RSFQ logic applications

✓1 NbN Common Ground Plane

✓2 NbN Interconnections Layers 

✓ 1 Resistor Layer

✓3 SiO2 or Si3N4 Layers

✓1 Contacts Layer

[thèse R. Setzu 2007 UJF]
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Evaluation de l’inductance

21

SQUID

h
t1

t2

L! =
µ0

K
[h + λL coth(

t1
λL

) + λL coth(
t2
λL

)]

Problem:

IC[min](NbN) ∼ 2× IC[min](Nb)

LIC ≤ 0.5Φ0

Ex. IC = 400µA L ≤ 2.5pH(                                                            )

L! ≤ 1.2pH
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Evaluation de l’inductance

21

SQUID

h
t1

t2

L! =
µ0

K
[h + λL coth(

t1
λL

) + λL coth(
t2
λL

)]

Problem:

IC[min](NbN) ∼ 2× IC[min](Nb)

LIC ≤ 0.5Φ0

Ex. IC = 400µA L ≤ 2.5pH(                                                            )

L! ≤ 1.2pH

;

L! = 1.45pH

t1 = 900nm t2 = 400nm
h = 300 + 200 = 500nm

      ,     et     must be higher than t2t1 λL• For small

• For high      the GND roughness increasest2
L!

[J.-C.Villègier IEEE
on App. Sup.  2001]λL = 380nm
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Etude du modulateur       

22

JTL

Sortie

1 bit

JJ5

JJ6

Vb1

JJ1

L1

Horloge

Comparateur Balancé

R1

Vg

Rg

JTL

JTL

JTL

Sortie

Horloge

VbcmpR3

Filtre 
passe-bande 

LC

Modulateur Sigma-Delta

L3

L1
JJ4

JJ3
L2

JJ2

Vb2

L1 L1

L1

L4

L1

R2

Signal 
Analogique

Σ∆

50 Ω  (analog input signal ) 2 Ω (comparator + JTL) 

Band-pass filter with Fc=30 GHz and B=500 MHz

clock distribution

Order 3

Jonctions count : 14

Comparateur équilibré
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Etude de l’horloge

23

• JTL ring
• Long JJ
• Optical clock
• Overbiased single JJ

Possible clock solutions:

The sampling frequency 
is tuned to 205 GHz by 
adjusting Ib1

The spectral bandwidth increases 
with the temperature

Jitter limitation to be studied

The quality factor decreases

Q0K = 2875 Q9K = 730

L2 L3

JJ3JJ2

L1
Ib1

JJ1

Ib2

Horloge JTL
(Josephson Transmission Line)

1 JJ = 1 JTL stage

OUT
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Etude du comparateur

24

JJ2

JTL 4 Stages

OUT

JJ3
Ix

L2

JJ4

Vb1 Vb2

JJ1

L1

L3

Horloge

Comparateur Balancé

R1 R2

Switching probability P =
< V (JJ4) >

< V (JJ1) >

✓The gray zone and the plateau 
could be decreased of 25% from 200 
GHz to 146 GHz of sampling frequency

✓The gray zone is about 5 times 
smaller than that obtained with the Nb 
technology

Unbalanced Comparator
is shifted∆IX

200 GHz
146 GHz

200 GHz

Comparateur équilibré
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Etude du filtre analogique 

l1 l1l2

S1 S1S2S2 W(MgO)

l1 l1l2

Wstub1

Wstub2 Wstub2

Wstub1

Lstub1 W(Si3N4)Lstub2

a)

b)

50 Ω

2 Ω

50 Ω: Fc=30.008 GHz, B=507 MHz and A=0.05 dB

2 Ω: Fc=30.004 GHz, B=489 MHz and A=0.3 dB

multi-chip

single chip
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Etude du filtre analogique 

l1 l1l2

S1 S1S2S2 W(MgO)

l1 l1l2

Wstub1

Wstub2 Wstub2

Wstub1

Lstub1 W(Si3N4)Lstub2

a)

b)

50 Ω

2 Ω

50 Ω: Fc=30.008 GHz, B=507 MHz and A=0.05 dB

2 Ω: Fc=30.004 GHz, B=489 MHz and A=0.3 dB

multi-chip

single chip

Matching problems

Zc=2 Ω, Fc=30 GHz, 
B=357 MHz and Att=8.64 dB

Filter specifications results
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Performance du modulateur       Σ∆

C

c4

C=Cg0

L

lr3

R=

L=L1

C

cr3

C=C1

C

c6

C=Cg1

C

c5

C=Cg0

C

cr1

C=C1

L

lr2

R=

L=L2

C

cr2

C=C2

C

c7

C=Cg1

L

lr1

R=

L=L11 2

LC Filter equivalent circuit

50 Ω 2 Ω

Sigma-Delta Modulator Spectrum • Comparator bias adjusted for 37% of 1
• Sine input signal: Vpp=200 µV, F=30 GHz

•Matching and comparator coupling to 
be improved
•Comparator Plateau to be suppressed

Fs
(GHz)

OSR l
Vpp

 (mV)
SNR 
(dB)

20 100 1 / 44.5

20 256 1 340 24

200 200 3 0.2 23.1

Fujimaki 
IEEE 2003

Bulzachelli

Expected SNR of 141 dB

used for the 
JSIM simulations

High sensibility
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Etude du filtre de décimation (1/2)

27

entrée

Filtre 

Passe-bas

1 n n

Sortie

Réelle

)2cos( sctf!

Filtre 

Passe-bas

n n

Sortie

Imaginaire

)2sin( sctf!"

Frequency Divider
Shift Register

Coefficients

Order
k=3+1=4Easy implementation 

for Fs/Fc=4 or 8
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Etude du filtre de décimation (1/2)

27

entrée

Filtre 

Passe-bas

1 n n

Sortie

Réelle

)2cos( sctf!

Filtre 

Passe-bas

n n

Sortie

Imaginaire

)2sin( sctf!"

Frequency Divider
Shift Register

Coefficients

Order
k=3+1=4Easy implementation 

for Fs/Fc=4 or 8

JTL T-FF JTL T-FF JTL T-FF

1 2 M

f

12/f 22/f Mf 2/

JJ2

JJ4
OUT

IN

JJ3

JJ5

L2 L3

Lp1

JJ1

Vb1
R1

Vb2

R2

Lp2 Lp3

✓Frequency divider

Toggle-Flip Flop (5 JJs)

Fs=120 GHz

Fs=240 GHz

Decimation 1:128

Decimation 1:256

[49 JJs]

[56 JJs]

Fs/Fc=4

Fs/Fc=8
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Etude du filtre de décimation (2/2)

28

JTL RS-FF

1

JTL SP

JTL RS-FF

2

JTL SP

JTL RS-FF

n

JTL SPHorloge

Données

L2

L3

JJ3

JJ2
L1

JJ1

Vb1

IN

OUT2

OUT1

✓Shift Register (SR)

Splitter (3 JJs)

1 bit SR 12 JJs

4 Accumulators and 4 Differentiators 8 SR of 33 bits eachone

1 SR of 33 bits

8 SR 

[396 JJs]

[3168 JJs]

For 1 Low-pass Decimation Filter (DF):

1 Low-pass DF
[~3500 JJs]
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Etude du filtre de décimation (2/2)

28

JTL RS-FF

1

JTL SP

JTL RS-FF

2

JTL SP

JTL RS-FF

n

JTL SPHorloge

Données

L2

L3

JJ3

JJ2
L1

JJ1

Vb1

IN

OUT2

OUT1

✓Shift Register (SR)

Splitter (3 JJs)

1 bit SR 12 JJs

4 Accumulators and 4 Differentiators 8 SR of 33 bits eachone

1 SR of 33 bits

8 SR 

[396 JJs]

[3168 JJs]

For 1 Low-pass Decimation Filter (DF):

1 Low-pass DF
[~3500 JJs]

Band-Pass Decimation filter:

✴Fs/Fc=4 ✴Fs/Fc=8• coefficients: 0,±1
• 2 Low-Pass DFs • 4 Low-Pass DFs

• coefficients: 0,±1,±1/
√

2[~7500 JJs] [~15000 JJs]
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BULZACCHELLI et al.: SUPERCONDUCTING BANDPASS MODULATOR 1699

Fig. 5. Block diagram of 1 : 4 DEMUX.

Fig. 6. Counter with programmable relative delay.

between the pad and the modulator input. As discussed above,

the modulator is clocked either optically or by the on-chip os-

cillator. A 1 : 4 DEMUX converts the 1-b modulator output to

4-b words at , allowing the largest digital circuits on the

chip to operate at a reduced clock rate. The DEMUX output is

loaded into shift register banks A and B, under the control of

a programmable counter. Each 128-b bank is organized as four

rows of 32-b shift registers. After loading, a readout controller

transfers the data to output drivers [16] with 2-mV logic levels,

which are detected with room-temperature amplifiers.

Fig. 5 is a block diagram of the 1 : 4DEMUX. The design uses

a binary tree architecture commonly used in semiconductor de-

signs. TheD flip-flops align the output bits with the clock output

at . The front end of the DEMUX is the most complex cir-

cuit on the chip operating at . To achieve highest operating

speed, the delays along the data paths (shown in black) and the

clock paths (shown in gray) are carefully matched. In addition,

the delays of the Josephson transmission lines [10] along paths

A, B, and C are tuned with external currents to optimize race

conditions.

Fig. 6 is a block diagram of the programmable counter.

The LOADA and LOADB outputs initiate loading of shift

register banks A and B, respectively. The T and D flip-flops

form a low-skew frequency divider described in [17], but

a programmable relative delay between the LOADA and

LOADB pulses is added with little extra circuitry by switching

the clocking of flip-flops – . Switches through

are controlled by 11 external currents. If all the switches

are in the 0 position, the pipelining latency along the lower

row of D flip-flops matches that along the upper row, and

the LOADA and LOADB pulses are generated on the same

cycle of CLK. If one or more of the switches is moved to

the 1 position, the LOADB pulse is delayed relative to the

LOADA pulse. In general, switching from 0 to 1 increases

the pipelining latency by 2 CLK cycles, so the relative delay

(in CLK periods) between the LOADA and LOADB pulses

equals the 11-b code given by – (from 0 to 2047). Since

the counter is clocked at , (the number of bits skipped

Fig. 7. Micrograph of the modulator test chip.

Fig. 8. Output waveforms generated by test chip when clocked by an optical
source ( 20.6 GHz).

for segmented correlation) can be varied from 0 to 8060, in

increments of 4. Maximum operating frequency is independent

of counter length and equals 21 GHz according to circuit

simulations.

The modulator test chip, shown in Fig. 7, employs 4065

Josephson junctions and is fabricated in Nb/AlO /Nb tech-

nology with 1 kA/cm critical current density. The chip size

(6.3 mm 6.3 mm) is chosen to fit our cryogenic sample

holder. The supply current for the chip is 0.82 A. Since the

power supply voltage is just over 2 mV, power dissipation is

only 1.9 mW. The operating temperature is 4.2 K, the

boiling point of liquid helium.

VI. EXPERIMENTAL RESULTS

Fig. 8 shows the output waveforms generated by the chip

when optically clocked at 20.6 GHz. Two output signals are

generated. The first, called DATA, represents the modulator

output captured with the 256-b acquisition memory. The

readout controller unloads the data from the on-chip memory

at 161 Mb/s ( ). The relatively low bandwidth require-

ments for readout allow amplification of the output signals

with a high SNR, and the bit error rate (BER) is negligible. The

second output, called START, is a framing signal. In particular,

the missing pulse on the START bit marks the beginning of the

256-b sequence captured by the on-chip memory.

While the chip has been used with the 20.6-GHz optical

clock, higher oversampling ratios and SNR are attained with

the on-chip clock source operating near 40 GHz. Output spectra

of the modulator at a 42.6-GHz sampling rate are shown in

RSFQ Test circuits

Captured in 
Shift Register A

Captured in 
Shift Register B

M SamplesSegment A
(L Samples)

Segment B
(L Samples)

ADC Output Data

Figure 9-1: Segmented correlation technique. Cross-correlation of the data segments cap-
tured in the A and B shift register memory banks generates estimates of R[n] for values of
n much larger than the shift register lengths if M ! L.

Since the value of M is programmable, an ensemble of estimates R̂M [n] can be pro-
duced through successive measurements. While each estimate R̂M [n] has a bias given by
Equations 9.2 and 9.3, an unbiased estimate of R[n] can be obtained by adding the various
estimates together in such a way that their biases cancel out. As an example, consider
adding together four estimates, denoted by R̂auto[n], R̂0[n], R̂L[n], and R̂2L[n]. R̂auto[n] is
obtained by correlating segment A with itself (autocorrelation), while the other estimates
are cross-correlations given by Equation 9.1 for M = 0, L, 2L. For non-negative n, the
expected value of R̂auto[n] is given by [1]

E{R̂auto[n]} = wauto[n]R[n], (9.4)

where

wauto[n] =
{

L−n
L , 0 ≤ n ≤ L − 1,

0 otherwise.
(9.5)

Letting R̂[n] be the sum of the four estimates,

E{R̂[n]} = (wauto[n] + w0[n] + wL[n] + w2L[n])R[n]. (9.6)

As shown graphically in Figure 9-2, R̂[n] is an unbiased estimate of R[n] for 0 ≤ n ≤ 3L.
By adding estimates corresponding to M = 3L, 4L, . . ., unbiased estimates of R[n] can be
acquired over a larger range of n, ultimately up to n = N + L ≈ N . As shown in the
next section, Fourier transformation of this unbiased estimate yields an unbiased estimate
of the power spectrum. The frequency resolution of the spectral estimate is fine enough for
evaluating oversampling converters if N ! OSR.

More generally, each segmented correlation estimate R̂M [n] can be multiplied by a
weighting function (or window) GM [n] before the various segmented correlation estimates
are added together. Letting R̃M [n] be

R̃M [n] = GM [n]R̂M [n], (9.7)

the expected value of the weighted segmented correlation estimate is

E{R̃M [n]} = w̃M [n]R[n], (9.8)

188

✓ Segmented correlation

Data  (256 bits) read at 1.56 GHz

[thèse J. Bulzachelli 2002 MIT]

4096 JJs (3 µm)
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Modulateur

!"

Horloge

200 GHz

1:8 D

sf

SR 8  bits

SR 8  bits

8/sf

Oscilloscope

30 GHz

64/sf

SR 8  bits

Modulateur

!"

Horloge

200 GHz

1:8 D

sf

SR 8  bits

SR 8  bits

8/sf

Oscilloscope

30 GHz

64/sf

SR 8  bits

RSFQ Memory on Chip

✓Proposed Solution: Shift Registers and Demultiplexers

850 JJs

Data (64 bits) read at 3.12 GHz
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Fig. 5. Block diagram of 1 : 4 DEMUX.

Fig. 6. Counter with programmable relative delay.

between the pad and the modulator input. As discussed above,

the modulator is clocked either optically or by the on-chip os-

cillator. A 1 : 4 DEMUX converts the 1-b modulator output to

4-b words at , allowing the largest digital circuits on the

chip to operate at a reduced clock rate. The DEMUX output is

loaded into shift register banks A and B, under the control of

a programmable counter. Each 128-b bank is organized as four

rows of 32-b shift registers. After loading, a readout controller

transfers the data to output drivers [16] with 2-mV logic levels,

which are detected with room-temperature amplifiers.

Fig. 5 is a block diagram of the 1 : 4DEMUX. The design uses

a binary tree architecture commonly used in semiconductor de-

signs. TheD flip-flops align the output bits with the clock output

at . The front end of the DEMUX is the most complex cir-

cuit on the chip operating at . To achieve highest operating

speed, the delays along the data paths (shown in black) and the

clock paths (shown in gray) are carefully matched. In addition,

the delays of the Josephson transmission lines [10] along paths

A, B, and C are tuned with external currents to optimize race

conditions.

Fig. 6 is a block diagram of the programmable counter.

The LOADA and LOADB outputs initiate loading of shift

register banks A and B, respectively. The T and D flip-flops

form a low-skew frequency divider described in [17], but

a programmable relative delay between the LOADA and

LOADB pulses is added with little extra circuitry by switching

the clocking of flip-flops – . Switches through

are controlled by 11 external currents. If all the switches

are in the 0 position, the pipelining latency along the lower

row of D flip-flops matches that along the upper row, and

the LOADA and LOADB pulses are generated on the same

cycle of CLK. If one or more of the switches is moved to

the 1 position, the LOADB pulse is delayed relative to the

LOADA pulse. In general, switching from 0 to 1 increases

the pipelining latency by 2 CLK cycles, so the relative delay

(in CLK periods) between the LOADA and LOADB pulses

equals the 11-b code given by – (from 0 to 2047). Since

the counter is clocked at , (the number of bits skipped

Fig. 7. Micrograph of the modulator test chip.

Fig. 8. Output waveforms generated by test chip when clocked by an optical
source ( 20.6 GHz).

for segmented correlation) can be varied from 0 to 8060, in

increments of 4. Maximum operating frequency is independent

of counter length and equals 21 GHz according to circuit

simulations.

The modulator test chip, shown in Fig. 7, employs 4065

Josephson junctions and is fabricated in Nb/AlO /Nb tech-

nology with 1 kA/cm critical current density. The chip size

(6.3 mm 6.3 mm) is chosen to fit our cryogenic sample

holder. The supply current for the chip is 0.82 A. Since the

power supply voltage is just over 2 mV, power dissipation is

only 1.9 mW. The operating temperature is 4.2 K, the

boiling point of liquid helium.

VI. EXPERIMENTAL RESULTS

Fig. 8 shows the output waveforms generated by the chip

when optically clocked at 20.6 GHz. Two output signals are

generated. The first, called DATA, represents the modulator

output captured with the 256-b acquisition memory. The

readout controller unloads the data from the on-chip memory

at 161 Mb/s ( ). The relatively low bandwidth require-

ments for readout allow amplification of the output signals

with a high SNR, and the bit error rate (BER) is negligible. The

second output, called START, is a framing signal. In particular,

the missing pulse on the START bit marks the beginning of the

256-b sequence captured by the on-chip memory.

While the chip has been used with the 20.6-GHz optical

clock, higher oversampling ratios and SNR are attained with

the on-chip clock source operating near 40 GHz. Output spectra

of the modulator at a 42.6-GHz sampling rate are shown in

RSFQ Test circuits

Captured in 
Shift Register A

Captured in 
Shift Register B

M SamplesSegment A
(L Samples)

Segment B
(L Samples)

ADC Output Data

Figure 9-1: Segmented correlation technique. Cross-correlation of the data segments cap-
tured in the A and B shift register memory banks generates estimates of R[n] for values of
n much larger than the shift register lengths if M ! L.

Since the value of M is programmable, an ensemble of estimates R̂M [n] can be pro-
duced through successive measurements. While each estimate R̂M [n] has a bias given by
Equations 9.2 and 9.3, an unbiased estimate of R[n] can be obtained by adding the various
estimates together in such a way that their biases cancel out. As an example, consider
adding together four estimates, denoted by R̂auto[n], R̂0[n], R̂L[n], and R̂2L[n]. R̂auto[n] is
obtained by correlating segment A with itself (autocorrelation), while the other estimates
are cross-correlations given by Equation 9.1 for M = 0, L, 2L. For non-negative n, the
expected value of R̂auto[n] is given by [1]

E{R̂auto[n]} = wauto[n]R[n], (9.4)

where

wauto[n] =
{

L−n
L , 0 ≤ n ≤ L − 1,

0 otherwise.
(9.5)

Letting R̂[n] be the sum of the four estimates,

E{R̂[n]} = (wauto[n] + w0[n] + wL[n] + w2L[n])R[n]. (9.6)

As shown graphically in Figure 9-2, R̂[n] is an unbiased estimate of R[n] for 0 ≤ n ≤ 3L.
By adding estimates corresponding to M = 3L, 4L, . . ., unbiased estimates of R[n] can be
acquired over a larger range of n, ultimately up to n = N + L ≈ N . As shown in the
next section, Fourier transformation of this unbiased estimate yields an unbiased estimate
of the power spectrum. The frequency resolution of the spectral estimate is fine enough for
evaluating oversampling converters if N ! OSR.

More generally, each segmented correlation estimate R̂M [n] can be multiplied by a
weighting function (or window) GM [n] before the various segmented correlation estimates
are added together. Letting R̃M [n] be

R̃M [n] = GM [n]R̂M [n], (9.7)

the expected value of the weighted segmented correlation estimate is

E{R̃M [n]} = w̃M [n]R[n], (9.8)

188

✓ Segmented correlation

Data  (256 bits) read at 1.56 GHz

[thèse J. Bulzachelli 2002 MIT]

4096 JJs (3 µm)
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Synthèse sur la conception
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Compromis sur la fréquence 
d’échantillonnage

Eliminer le plateau,
réduire la zone grise du comparateur

et OSR en puissance de 2

Améliorer le couplage du filtre au 
comparateur et l’adaptation entre le 
signal en entrée et le comparateur

Augmenter le SNR

Fs/Fc=4 or Fs/Fc=8 Une implémentation du filtre 
de décimation plus facile

Modulator test circuits
Segmented correlation FFT (256 bits) 1 GHz Readout [4000 JJs]

Simple Acquisition FFT (64 bits) 2 GHz Readout [1000 JJs]

Fs=120 GHz
Décimation 1:128 936 MHz Nyquist output 

Fc=Fs/4=30 GHz
[Jonctions count: 8000]

SNR= 125 dB
RNIC = 1mV

OSR= 128

ADC

B=468 MHz
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Plan de l’exposé
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• Introduction

• Rappels sur le CAN et l’Electronique supraconductrice

• Etude de la structure du CAN en NbN

• Implémentation et comparaison de la technologie NbN et Nb

• Conclusions et perspectives
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Dessin des circuits RSFQ
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Jc=4.5 kA/cm2 Jc=5 kA/cm2

IC [JJX(NbN)]
IC [JJX(Nb)]

∼ 9K
4.2K

Via 
WIR-JJ

Josephson 
Junction

Base Electrode (BE)

Via BE-
Ground Plane

Shunt 
Resistance

(RES)

Via 
WIR-RES-BE

Anodic 
Oxide

Self-aligned 
Insulator

Via 
WIR-RES

HYPRES
Nb/AlOX/Nb

CEA
NbN/TaXN/NbN

10 µm 10 µm

Externally shunted Self-shunted

d=1.5 µm
A=0.5 µm

d=2.5 µm
A=1.5 µm
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Dessin des circuits RSFQ
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JTL cell T-FF cell

Bias lines

Bias resistances

Moats

HYPRES
Nb/AlOX/Nb

CEA
NbN/TaXN/NbN

120 µm

140 µm

80 µm80 µm

40 µm
70 µm

L!(Nb) = 0.7pH

L!(NbN) = 1.45pH

• Lines considerations:

• Margins calculations:

Nb(4.2 K)
~80 GHz

NbN (9 K)
~200 GHz

JTL 72.1% 48.5%

T-FF 25.7% 21.8%

NbN lines are 2 
times shorter

Optimization requires 
a better lithography
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Le diviseur de fréquence
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Vb(CLK)

Vb(T_FF)

CLK+JTL T-FF JTL

Vb(T-SFQ/DC

Vb(JTL)

T-SFQ/DCf
64/f

725 µm

140 µm

Technology performance benchmark

NbN/TaXN/NbN Nb/AlOx/Nb

286 GHz 98 GHz

Clock frequency

Simulated I(V) characteristic 
for a single T-FF

Frequency divider by 64
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Fabrication des circuits
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JJ1 JJ2 JJ3 JJ4 JJ5 JJ6

JJ1 JJ2 JJ3 JJ4 JJ5 JJ6

Via(ISO1)

JJ4 et JJ6 
connectées au 
PdM (GND)

EB
(TRI)

EB
(TRI)

Sans PdM Sans PdM

a) b) c)a) b) c)

Ungrounded junctions library

Grounded Josephson junctions

✓Critical problem after the self-insulator deposition

After Lift-off After Lift-off
+wiping+RIE O2

Difficulty to put out the photo-resist covering the JJ 

The NbN (400 nm) ground plane increases the rugosity of the junctions

✓Ground plane effect

Some JJs of 2.5 
µm of diameter 

are covered
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Diviseur de fréquence sur puce
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CLK+JTL

T-FF JTL

f 32/f

Vb(CLK) Vb(JTL)

Vb(T_FF)

f

CLK+JTL

T-FF

JTL

Vb(CLK) Vb(JTL)

T-SFQ/DC

Vb(T-SFQ/DC

64/f

120 µm

Vb(T-FF)

1030 µm

HYPRES(Nb/AlOX/Nb)

CEA (NbN/TaXN/NbN)

725 µm

140 µm

Area 18 % smaller
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Test des JJs NbN/TaXN/NbN
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Shapiro steps at 9.4 GHz

19.5 µV

C
u

rr
en

t
Voltage

500 µA 50 µV

1Voltage Step = fΦ0

T= 12.7 K

Voltage

C
u

rr
en

t

100 µA 20 µV

T= 14 K

RnIc= 20 µV

✓High RnIc from 4.2 K up to 9 K

✓High Jc up to 14.7 kA/cm2 at 4.2 K

The junctions are over-damped

Text

βc(4.2K) ∼ 0.7→ βc(9K) ∼ 0.4→ βc(14K) ∼ 0.05
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Test des JJs Nb/AlOX/Nb
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✓Any hysterisis present on the I(V) 
characteristics

✓Josephson effect is still present

Superconducting short-circuit 

Nb/AlOX/Nb Nb/AlOX/Nb externally shunted

Fraunhofer 
diffraction
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Test des SQUIDs Nb/AlOX/Nb
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b)

a)

JTL SQUID

T-FF SQUID

✓Inductance measurement from SQUID 
voltage interference period

✓ Good agreement with the simulation 
from the design

JTL SQUID JTL SQUID

T-FF SQUID
∆I

L =
Φ0

∆I

5.3 – Test quasi-statique des jonctions et des SQUIDs Nb

F. 5.13. Comparaison des caracté-
ristiques I(V) mesurées sur la même
puce pour la jonction JJ4 avec résis-
tance de shunt et pour les deux SQUID
(JTL et TFF) réalisés chacun avec deux
jonctions JJ4 shuntées (ici l’influence

du shunt apparaît clairement).

F. 5.14. Comparaison des caracté-
ristiques I(V) mesurées sur les deux
SQUID (JTL et TFF) sur deux puces
de deux wafers différents. Les courbes

sont quasi-identiques.

T. 5.6. T ́       ́ -
́  ́ ̀ 4,2 K    S1   KL999 ́  HYPRES

Element ValuerCal ValeurExp Ecart
L(SQUID_JTL) 2,32 pH 2,07 pH 10,7%
L(SQUID_TFF) 4,35 pH 3,95 pH 9,1%
Rsh(JJ6) 8,2 Ω 7,94 Ω 3,2%
R(Bias1) 5,5 Ω 5,24 Ω 4,7%
R(Bias2) 8,64 Ω 8,52 Ω 1,4%

encourageants car on a pu valider pour la première fois l’environnement de conception et confir-
mer encore le fonctionnement de l’environnement de conception et de test mis en place pendant
la thèse. D’autre part il reste encore à expliquer le comportement des jonctions Nb/AlOX/Nb non
shuntées intentionnellement car aucune hystérésis n’est visible sur les caractéristiques I(V) et la
valeur du courant critique mesurée (∼ 600 µA) n’est pas celle prévue (∼ 185 µA) par le dessin
et les spécifications du procédé de HYPRES. Une explication possible donné par le responsable
de la fonderie même, serait la présence d’un via (reporté dans la figure 5.18) resté sur le dessin
et qui crée un court-circuit supraconducteur lors de la prise de contacts sur l’interconnexion de la
contre-électrode de la jonction. Ce via mis par erreur n’a aucun intérêt à y être. Il est dessiné sur

155
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Variation de              pour le NbN
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9,0 9,5 10,0 10,5 11,0
-60
-55

-50
-45
-40

-35
-30

-25
-20
-15

-10
-5

S2
1 

(d
B)

Fréquence (GHz)

Puissance de -30dBm:  4,2 K  10,6 K   13K  14,5 K 
Lignes 
d’entrée

Gap

50   µm   20

Résonateurs 9,0 9,5 10,0 10,5 11,0
-60
-55

-50
-45
-40

-35
-30

-25
-20
-15

-10
-5

S2
1 

(d
B)

Fréquence (GHz)

Puissance de -30dBm:  4,2 K  10,6 K   13K  14,5 K 
Lignes 
d’entrée

Gap

50   µm   20

Résonateurs

NbN Microstrip Resonators designed  for Zc=50 Ω (W=246 µm)

λg/2 = 5700µm Resonators length = 10.2 GHz

High Quality factor

Coupling even over
a distance of 3W

Q50µm ! 5000 Q20µm ! 3000(                            ;                           )

10.3 GHz9.8 GHz

λL(T )



E. Baggetta                             PhD Academic Defense - 26 July 2007 /44INPG

Variation de              pour le NbN
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-45
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Gap
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Résonateurs 9,0 9,5 10,0 10,5 11,0
-60
-55

-50
-45
-40

-35
-30

-25
-20
-15

-10
-5

S2
1 

(d
B)

Fréquence (GHz)

Puissance de -30dBm:  4,2 K  10,6 K   13K  14,5 K 
Lignes 
d’entrée

Gap

50   µm   20

Résonateurs

NbN Microstrip Resonators designed  for Zc=50 Ω (W=246 µm)

λg/2 = 5700µm Resonators length = 10.2 GHz

High Quality factor

Coupling even over
a distance of 3W

Q50µm ! 5000 Q20µm ! 3000(                            ;                           )

10.3 GHz9.8 GHz

Temperature dependence 
of the resonance frequency 

London penetration depht

L!(T≤ 10K) " constant

λL(T≤ 10K) " constant

λL(T )
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Synthèse sur la comparaison Nb et NbN

41

NbN/TaXN/NbN self-shunted jonctions 
avoid parasitic inductances and increase 
the circuit density

RnIc higher than Nb/AlOX/Nb even at 
the same temperature of 4.2 K

Temperature current noise is 
twice higher in NbN than Nb

L!High

Nb/AlOX/Nb NbN/TaXN/NbN

Foundry Hypres CEA ASU

T (K) 4.2 4.2 9 4.2 10

RnIc (mV) 0.49 3.9 1.76 0.6 0.1

Jc (kA/cm2) 4.5 14.7 2.2 50 10

ßc 1 0.7 0.4 1.9 0.4

Advantages Disadvantages

~1ps

~2.8 ps

Arizona State University
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Conclusions

✓Démonstration des avantages des portes RSFQ NbN à jonctions auto-shuntées 
sur les portes Nb: 

•  T=9 K double du Nb, réfrigération allégée 

•  Fréquence de fonctionnement triple à 9 K : FRnIc=900 GHz, Fcircuit =300 GHz, 
Jc=5 kA/cm2

42
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✓Démonstration des avantages des portes RSFQ NbN à jonctions auto-shuntées 
sur les portes Nb: 

•  T=9 K double du Nb, réfrigération allégée 

•  Fréquence de fonctionnement triple à 9 K : FRnIc=900 GHz, Fcircuit =300 GHz, 
Jc=5 kA/cm2

42

✓Etude d’une structure de CAN sigma-delta en NbN:

• maîtrise de la zone grise du comparateur (compromis sur la fréquence 
d’échantillonnage)

• Proposition de solutions de filtres de décimation et de circuits de test du 
modulateur à complexité maîtrisée (quelques milliers de JJ)

• proposition de deux filtres RF d'entrée du modulateur (multi-puce et puce 
simple)

• Grande sensibilité du CAN: SNR=23.1 dB pour signal de 200 µV (Vpp) 
à 30 GHz
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sur les portes Nb: 
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✓Etude d’une structure de CAN sigma-delta en NbN:

• maîtrise de la zone grise du comparateur (compromis sur la fréquence 
d’échantillonnage)

• Proposition de solutions de filtres de décimation et de circuits de test du 
modulateur à complexité maîtrisée (quelques milliers de JJ)

• proposition de deux filtres RF d'entrée du modulateur (multi-puce et puce 
simple)

• Grande sensibilité du CAN: SNR=23.1 dB pour signal de 200 µV (Vpp) 
à 30 GHz

✓Test des jonctions et des SQUIDs:

• Validation de la conception des inductances

• Les valeurs des jonctions et inductances NbN varient peu autour de Tf=9K
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Perspectives
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✓Proposition d’un CAN adapté à l’ANR “HyperSCAN” :

• Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128            SNR=125 dB

• complexité du CAN complet de  8000 JJ (RnIc=1.2 mV)

• évaluation de la gigue (jitter)
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Perspectives

43

✓Proposition d’un CAN adapté à l’ANR “HyperSCAN” :

• Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128            SNR=125 dB

• complexité du CAN complet de  8000 JJ (RnIc=1.2 mV)

• évaluation de la gigue (jitter)

✓ Réduction possible de l’inductance par carré :

• Améliorations par couches buffers, alliages NbN, planarisation (LETI), ...
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✓Proposition d’un CAN adapté à l’ANR “HyperSCAN” :

• Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128            SNR=125 dB

• complexité du CAN complet de  8000 JJ (RnIc=1.2 mV)

• évaluation de la gigue (jitter)

✓ Réduction possible de l’inductance par carré :

• Améliorations par couches buffers, alliages NbN, planarisation (LETI), ...

✓Meilleur contrôle des jonctions NbN/TaXN/NbN :

• reproductibilité de Jc et RnIc, à 9K, et de la surface par contrôle 
lithographique (LETI)

• Cibler des jonctions faiblement hystérétiques (ßc~1.1-1.3) à 9 K
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Perspectives
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✓Proposition d’un CAN adapté à l’ANR “HyperSCAN” :

• Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128            SNR=125 dB

• complexité du CAN complet de  8000 JJ (RnIc=1.2 mV)

• évaluation de la gigue (jitter)

✓ Réduction possible de l’inductance par carré :

• Améliorations par couches buffers, alliages NbN, planarisation (LETI), ...

✓Meilleur contrôle des jonctions NbN/TaXN/NbN :

• reproductibilité de Jc et RnIc, à 9K, et de la surface par contrôle 
lithographique (LETI)

• Cibler des jonctions faiblement hystérétiques (ßc~1.1-1.3) à 9 K

✓Environnement de simulation enrichi (type CADENCE) :

• évaluation plus pertinente des marges des portes (Jc, RnIc, ßc en 
fonction de T)

• regrouper JSIM et InductEx évaluant les parasites du layout

• routing automatique et description VHDL des portes logiques
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Merci  pour votre 
attention
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CAN en semiconducteurs et supraconducteurs
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The ENOB increases of 1 bits every 7-8 years for the ADC Semiconductors

Sampling frequency (MHz)

E
ff

ec
ti

ve
 N

u
m

be
r 

O
f 

B
it

s

projected

Signal-to-Noise plus Distortion Ratio
Higher in ADC superconductors thanks to the 

• High Sampling rate 
• Low Temperature

ENOB =
SNDR(dB)− 1.76

6.02
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Interface Supra-Semiconducteurs
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L1
IN

JJ1

JJ2 JJ3
OUTL2 L3

Vb1

R1

JJ2

JJ4

OUT

IN

JJ3

JJ5

L2 L3

L1

JJ1

Vb1
R1

Vb2

R2

Vb3

JJ6

JJ7

R3

R4

✓ DC/SFQ

✓ SFQ/DC

NbN/TaXN/NbN SFQ pulses width ~1ps

(3 JJs)

(7 JJs)

Readout

700 µV
3 times higher than 

the equivalent in 
Nb techonology


