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Greneble

Pourquoi la logique RSFQ?

Rapid Single Flux Quantum logic based on Josephson junctions

Clock Frequency
1 THz
NBN (9 K)
wkJpgy @0
1 um . e
superconductors
100 GHz T Nb (4.2 K) e

10 GHz -

1 GHz -
oEm - Electronic Lithography
g - Extreme Ultraviolet
Optical Lithography
Years
100 MHz | | | |
1995 1998 2001 2004 2007 2010

v Superconductor transmission lines

A4

Very sma
Very smal

Very sma

| dispersion
| attenuation

| dissipation

v Switching time about 1-3 picoseconds

High Frequency (0.5-1 THz)

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

9

High Bit Rate
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Objectif

Analog-to-Digital Converter based on YA Architecture

Superconducting
Fe=30 GHz Rapid Single Flux Quantum Logic b
B=500 MHz ) o \ 8 bits
f\/v\. Sigma Delta Decimation i
Modulator |1bit Filter EEHTAE:
oK\ y, . /oK 2
Fs=200 GHz

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

New technology:
v Self-shunted Josephson junctions NbN/TaxN/NbN
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La modulation Sigma-Delta

Fs=2B (Nyquist Sampling)

}it):Anti-Aliasing\ >S _: Quantifier \_y)[n]
~ Filter \ )
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La modulation Sigma-Delta

v Oversampling : Fs>2B

X(t) p : — r A [Il]
__,| Anti-Aliasing —X—» Quantifier _Y)
. Filter ) L J
saal
| 0 B Fs 2F5
L
A 5 1!3 7

Less selective filter
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La modulation Sigma-Delta

v Oversampling : Fs>2B

X(i (Anti—Aliasing\_: Quantifier 1 bit \_i[n] 1 bit
+ /\,P_ Filter  (Comparator)

. J

Quantisation noise

T

v' Noise shaping

1T — ————— /
/l |g g \ A
| Fs  2F | | T A1
O B S S //" "MH\H /1
% \H\/ ﬂ___.-*_
M A

OB FS O-— 1 U U uud dd - Uy
Less selective filter Time domain Frequency domain
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La modulation Sigma-Delta

v Oversampling : Fs>2B

X(i (Anti-Aliasing\_: Quantifier 1 bit \_i[n] @
+ /\P_ Filter  (Comparator)

. J

Quantisation noise

T

v Noise shaping

m ) P ———— /
| | A
"0 Fs 2F (| AT AN
S S d . /
B .g'// \'\.,\ / /"
\\ #f‘#f 1
g L

/
N
.|01|3 Fg Ofu utll 0bUl LU
Less selective filter Time domain Frequency domain
Transfert Function Order B Modulator Order (1) SNR ﬂ
Y (s , Signal-to-Noi
H(s) = X((s; Oversampling Ratio (OSR) = lgnaR;)iO e

OSR=Fs/2B
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e filtre de décimation

Greneble

Increases the resolution of the conversion

Resolution 1 M bits == Decimation Factor ——— [N — oM
Mean over N bits of the modulator output Sinc Filter
g Sigma-Delta Modulator 1 Bit Output .. sinc(N f/fs) @
L - [ty
0101110010101101010110 (/) sinc(f/fs)
— —— -
9 bits at 1 over 16 bits The filter order (k) must be higher
‘ Decimation Filter than the modulator order (1)
Output
9 k=1+1
T = 0.5625 —> mom
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— e filtre de décimation

Gr enObI

Increases the resolution of the conversion

Resolution 1 M bits == Decimation Factor ——— [N — oM
Mean over N bits of the modulator output Sinc Filter
g Sigma-Delta Modulator 1 Bit Output .. sinc(N f/fs) @
N
0101110010101101010110 (/) sinc(f/fs)
— —— =
9 bits at 1 over 16 bits The filter order (k) must be higher
‘ Decimation Filter than the modulator order (1)
Output
k=141
— =0.5625 mp [ff'l' 00 1")

k accumulators k differentiators
INPUT Reglster Reglster Reglste Reglster -
1tSs
/s / N fs /N OUTPUT
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Lignes supraconductrices

EnergyGap  Cooper pair " for T<Tc

Sl n gle Electron
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Lignes supraconductrices

EnergyGap  Cooper pair " for T<Tc

B R-—00
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Lignes supraconductrices

Energy Gap Cooper pair —_for T<Tc

B -0

R ()

10‘6;T=4.2 K / Superconductor (NbN)

' R, x f?

10° 10° 10" 10" 107 10"
Frequency (Hz)
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Lignes supraconductrices

Energy Gap Cooper pair - for T<Tc

B -0

Equivalent Transmission
Line circuit

R ()

10°1T=4.2 K _/ Superconductor (NbN) L (w7 d? b? )
M (T) = AL (0)[1 = (T/Te)") /2

R, f2
10° 10> 10" 10" 10" 10"
Frequency (Hz)

London Penetration Depth
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La jonction Josephson (JJ)

RCSJ Model
¢ = P1 — P2 LN A
ﬁ|@2|6j¢2 R(V) > C|
. | — |V
BaITrier i = P + ¢+ Sin @
2nlcR(V)*C
66 — P
0
Stewart-
McCumber
Factor
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La jonction Josephson (JJ)

Barrler
Superconductor/ 21l o R
Insulator-
A Superconductor
= (Tunnel Effect) Stewart-
L .
= Hys’[ere’[&v McCumber
& Factor

3 Voltage
Latching Logic

] RCSJ Model

A

R(V)> C

— |V

i = B+ ¢+ sin ¢
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La jonction Josephson (JJ)

J RCSJ Model

ﬁ A
R(V)S> C
I Sl > — |V
Barrler 1 = Pe®+ ¢ +sing
Superconducto / 211 (;R \ Superconductor-
Insulator- Normal Metal-
A Superconductor A Superconductor
= (Tunnel Effect) Stewart' % (Proximity Effect)
& : McCumber E
= Hysterety - = | Shunted
@) / dCLOTr @)
[ I —
S —
\\\ [))C > 1 /J) C S 1
I 3 / \\‘\} > >
J  Voltage Voltage

Latching Logic
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La jonction Josephson (JJ)

] RCSJ Model

ROV)S C
Isl < —

t

. Ba [

Pe=1]

o A Superconductor
Stewart- % (Proximity Effect)
McCumber £
Factor S —Shunted

A

v

rrier = P+ @ +sing
- 2nlcR( VN Superconductor-

Normal Metal-

RSFQ Logic %
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Le principe de la logique RSFQ

Current

t Dynamic State

™
‘Rnl1c

Vi .
" Static State

Voltage
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Le principe de la logique RSFQ

t Dynamic State

27T¢f

Current
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™
‘Rnl1c
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C? | «—
}1’@;6} Phase
;E:H {
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Le principe de la logique RSFQ

% Dynamic State - ib
q‘é ” Ry Al\_)m_
@),
a9 \ I3
c 2RI Normal State 1
o— > Iy > 1o
oltage
Static State Iy < o L
Quantum Flux: &g = — = 2.074V /GHz

2€e
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Le principe de la logique RSFQ

=t Dynamic State - ib

% ¢ RN A/:_)m_

@)
A= N

¢ 2 fon I Normal State |

Voltage Iy > Io
oltage
Static State Iy < Ic "
. t Fl . - — .
Superconducting QUantum Quantum Flux: g » 2.07V /GHz
Interference Device

Inductance (1))

N\
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Oy

Josephson Junctions (/)
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Le principe de la logique RSFQ

t Dynamic State

Current

1. o
< 2RI Normal State 1
o— > Iy > 1o
oltage
Static State Iy < ¢ L
. Flux: = — = 2.
Superconducting QUantum Quantum Flux: &g e 2.07uV /GHz
Interference Device
Inductance (1)) Ap a >
A,~ \ Flux Transmission
N LI
< 0.5P
}/ C 0
:5/ Flux Storing
by Llic > 1.9
\_ _J
Josephson Junctions (/) Ap
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Les jonctions RSFQ existantes

¢ SIS (Tunnel junctions) Externally Shunted Josephson junctions:
i RCSJ Model
VNb/AIOx/Nb (4.2 K, 60k JJs) R

R(V)Ss C
v NbN/MgO/NDbN (10 K, 10k JJs) 1 Sl > —

||
<

o Hysteretic .

Current

Voltage
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Les jonctions RSFQ existantes

¢ SIS (Tunnel junctions) Externally Shunted Josephson junctions:

] RCSJ Model r —— Parasitic
V' Nb/AlOx/Nb (4.2 K, 60k JJs) inductance
XAD 42 . XR(V) C
v NbN/MgO/NDbN (10 K, 10k JJs) sl
| 2' Rsﬂ - ) Resistor
4 Hysteretic / .
- L, Ry Externally reduced
§ Shunted Stewart-McCumber factor
=
O ~ R
Sub-gap s
Resistance ' '\ 92
27‘(‘]0(R()//RS) C
Ry ) B, = ~ 1
J g g Dy
~ \/
/s
II’ %—’ / \\\
= -— >
Voltage
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Gr enObI

’sd Les Jonctions RSFQ existantes

Frequency (GHz)
e SIS Externally Shunted JJs: 100 - L LI
;E% v  Nb/AlOx/Nn E
v NbN/MgO/NbN 10+

TRt

v

RnIc[SIS Ex. Sh.] < R I¢[SIS]

aypres NDN/MgO/NBN (CEA)
il |

s NEC “ NbN/AIN/NbN (CRL)
m[PHT

J/C (mV/ps)

0,1 -

= NbN/MgO/NbN (TRW)

[R ~Ic = Characteristic Voltage J

SIS: = 42K (Nb/AIO/Nb) = 10K|B>!
0901 l ! | ! | ! | ! | ! | ! | ! | ! |
Jelock [GHZ] x Rylc [mV] 00 05 1,0 15 20 25 30 35 40

R I, (mV)
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GeObI

’sd Les Jonctions RSFQ existantes

Frequency (GHz)
75 150 225 300 375 450 600

e SIS Externally Shunted JJs: 100 | | | | | | -
% v  Nb/AlOx/Nn 1 | g[Nréﬁ
1 NbN/TaxN/NbN =1,
v NbN/MgO/NbN —~ 10
¥ S Il e
- ] - HYPRES W NbN/MgO/NbN (CEA)
RNIc[SIS Ex. Sh.] < RyIC[SIS] ., o NEC | NbN/AIN/NBN (CRL)
L\)U . m [PHT
= 0,1
: = NbN/MgO/NbN (TRW)

[R ~Ic = Characteristic Voltage J

SIS: = 42K (Nb/AIO/Nb) = 10K|B>!
0901 l ! | ! | ! | ! | ! | ! | ! | ! |
Jelock [GHZ] x Rylc [mV] 00 05 1,0 15 20 25 30 35 40

R I, (mV)

e SNS Self-Shunted JJs: % No parasitic inductances
> High circuit density

Internally reduced ﬂc X 1 order higher thickness

v NbN/TaxN/NbN (10k JJs) mmp  Higher R/ even at low

t—Barrier tuned near the metal-insulator transition == High Resistivity
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Etat de I'art des CAN

Phase Modulation—Demodulation

ADC Architecture
[USA (HYPRES)]

-125dBc-100dBc -75dBc -50dBc -25dBc

7777777777777777777777777777777777777777777777777777

145 MS/s
SINAD =63 dB
ENOB =10.2

(190 mV rms

\mu W
L \ |

| ‘ H I ‘ ‘3” AT R ‘

SFDR =-76.5 dBc

| 10 MHz sinewave) |

el F31.6GHZ fffff

0.000

0.200 0.300 0.400

Tested at 145 Ms/s

0.100

- - . i
? v 9 9 9V VW W W'W |
I e A e e ¥

E. Baggetta

Low-Pass Sigma-Delta

ADC Architecture
|[Japan (NEC)]

soloooioibioiododE g

Magnitude[dB]

00 b

-150

N A
@

10 10 10 10 10 10
Frequency[Hz]

Tested at 218 Ms/s

S U EE SR SO 51 S S PO 17 R SR B DU H S U S S S T
5 6 7 8 9 10

WEABRE T T A

:;/
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Power Spectrum (dB)

' ol " £ Tt s g -, Mg
= 3 | 4 . L A 51 5 1'._!;, okl .-'.";,-i.
s g L1 = = gt E ML . - A o Gl
e L [y — ] d

Q_ 4096 JJs (3 “ m)

Band-Pass Sigma-Delta
Modulator

[USA (HYPRES)]

10 b )
20l

-30 f V7

-40 |
50 I — No input
B [ -20.7 dBm input @ 1.7 GHz

60—
0O 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

7
-
~
- 0
L
N

Fs=42.6 GHz

Tested at 320 Ms/s
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Objectif

Analog-to-Digital Converter based on > A Architecture

Fc=30 GHz Superconducting
B=500 MHz Rapld Single Flux ?uantum Logic | 3 bits
W I Slgma Delta Decimation Eiia
Modulator |1bit Filter T
oK\ / \. /9K .
Fs=200 GHz
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Objectif

Analog-to-Digital Converter based on > A Architecture

Fc=30 GHz Superconducting
B=500 MHz Rapld Single li‘lux (guantum Logic | 3 bits
JV\[\_ 1 ' Sigma Delta Decimation
Modulator |1 bit Filter BRI
oK\ / \. /9K .
New technology: Fs=200 GHz

v Self-shunted Josephson junctions NbN/TaxN/NbN
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Objectif

Analog-to-Digital Converter based on > A Architecture

Fc=30 GHz Superconducting
B=500 MHz Rapld Single li‘lux (guantum Logic | 3 bits
W L ' Sigma Delta Decimation
Modulator |1 bit Filter AT
9K . J \_ ) 9K .
New technology: Fs=200 GHz

v Self-shunted Josephson junctions NbN/TaxN/NbN

|LTS] Superconductors Technologies |HTS]
Nb(9.2K) NbN(16K) i  YBaCuO (90 K)

v A v

4.2 K 9K . 40 K

High Complexity (60-10 KJJ) : Low Complexity (100 JJ)
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Objectif

Analog-to-Digital Converter based on > A Architecture

Fc=30 GHz Superconducting
B=500 MHz Rapld Single li‘lux (guantum Logic | 3 bits
W L ' Sigma Delta Decimation
Modulator |1bit Filter IRHTE
9K . ) \ ) 9K .
New technology: Fs=200 GHz

v Self-shunted Josephson junctions NbN/TaxN/NbN

v Niobium Nitride (NbN) superconductor (16 K)

|LTS] Superconductors Technologies | HTS]

- By -

High Complexity (60 -10 KJJ) = Low Complexity (100 JJ)

——)> Relaxed cryogenic environment
[these N. Hadacek 2002 UJF]
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Greneble

Conception du CAN

[these J. Bulzachelli 2002 MIT]
Modulator based on the

~

Bulzachelli schema Clock (200 GHz) : : :
(Fs=20 GHz, Fe=2 GHz, ) 5 Decimation Fllter)
B=40 MHz) Analog RF Filter
' Fc=30 GHz, B=500 MHz
k ) ° °
We studied the ADC 20 GHz Modulator test ClI‘CllltS]
with the frequencies \ y

1order higher  Band-Pass Sigma-Delta Modulator
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Conception du CAN

[these J. Bulzachelli 2002 MIT]

Modulator based on the

Bulzachelli schema
(Fs=20 GHz, Fc=2 GHz,
B=40 MHz)

\ 4

We studied the ADC
with the frequencies
1 order higher

Decimation Filter]

Modulator test circuitsj

: Clock (200 GHz) — A
4 )
Analog RF Filter
Fc=30 GHz, B=500 MHz
\ J
30 GHz
\ J

Band-Pass Sigma-Delta Modulator

v Simulation environnement

Cellules
de base
RSFQ

CELLS LIBRARY

WinS

Marges-
Optimisation

Circuits

Assemblage des cellules
Complexes

Filtre RF

WinS Modegle JJ
I(V)

ircuit L.JJ

Inductances ( InductEx

JSIM
Simulations
RSFQ Stochastiques

Agilent Circuit L, C
ADS

L FastHenry ]

Wavemaker
Layout

Fabrication
(masques et circuits)

RSFQ cells schema and layout design are taken from the literature and Fluxonics respectively

E. Baggetta
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Greneble

Le modele NbN/TaxN/NbN

Simulation
"V JSIM (complexes circuits, thermal noise) RCSJ Model |
\‘/ WinS (I-V curves, gate margins) . % Ry |

800
600

400 -

200 -

04

-200

Courant (LA)

-400

-600 +

-800

Tension (mV)
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Le modele NbN/TaxN/NbN

Simulation ) B:——05 —+—1 15
"V JSIM (complexes circuits, thermal noise) RCSJ Model |
\s/ WinS (I-V curves, gate margins) . % Ry |

800

Phase ()

600

400 -

200 -

04

-200

Courant (LA)

-400

-600 +

-800

Tension (mV)

1,54

Tension

1,0

0,5 -

0,0 = T

Temps (ps)

A JJ is a shunt for
the adjacent JJs
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Le modele NbN/TaxN/NbN

Simulation . B:——05 —+—1 15
"V JSIM (complexes circuits, thermal noise) RCSJ Model | '
\s/ WinS (I-V curves, gate margins) ’ % R N
®
800 — 2
_ &
600 ol
400 -
< 200-
3 .
> U
= i
g 2200 -
8 -400-
-600—-
-800 -
Tension (mV) : ‘ ‘ =
NbN/Ta N/NbN : — - — modéle RCSJ — + —modéle RSJ | .S .
800 - % 1,5+
600—- = 1,()_-
3.®
C O ~~ 1 4 N
J— 4: 200 -
*xC 2 = R T T T S A S
§ 2200 - Temps (ps)
¥ NbN quasi-particles model ~ [S “»-
R EEEEEEEES A JJ is a shunt for
SO S 2 023 d s the adjacent JJs
Tension (mV)
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Greneble

Définition des jonctions

" Jo(9K) = 5kA/cm? Jonction | 2r (um) | Surface (um?) | I. (uA) | Ry (Q) | C, (fF)
JI1 7,2 40,7 2035 0,86 2477
- RyIc(9K) = 1.75mV P 47 173 867 | 2.02 | 105
6 Josephson junctions library
21k BT
I,(9K) = ~ 380nA
D , w
c paremetre v: 10 50 100 — 500 —— 1000
Thermal 1000
Fluctuations 10
f? 0,1
3
S
° o 3 1E-5
Switching Errors =
s a, BT
’ 5 ko
5 ik
| I - { A__Z_ lE-ll | ! | ! | ! | ! | ! |

-]

0,0 0,2 0,4 0,6 0,8 1,0

‘i\/}7 0 0.5 1.0 1.5 20 &
9 2 b
I/1

b C
Jonction | JJ1 | JJ2 | JJ3 | JJ4 | JI5 |[[]]6 ) Only in output
v 2 500 mp /o > 190uA y 5384 | 2294 | 1661 | 1064 | 598 \302 |~ RSFQ circuits
—

Only thermal noise from bias resistors was considered during JSIM simulations
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Réalisation des circuits NbN

Selective Niobium Etching Process (5 mask levels) Parasitic ~ [these R. Setzu 2007 UJF]
. Josephson Junction
Josephson Junction

Vo -4

E. Baggetta PhD Academic Defense - 26 July 2007



Réalisation des circuits NbN

Selective Niobium Etching Process (5 mask levels) Parasitic  [these R. Setzu 2007 UJF]
. Josephson Junction
Josephson Junction

Vo -4

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

M9 : WIR
M10:CNT /' Mg :i1s03 M7 :TRI

M5 : JONCT

v 1 NbN Common Ground Plane
v 2 NbN Interconnections Layers
v 1 Resistor Layer

v 3 SiO2 or Si3N4 Layers

v 1 Contacts Layer

’.7/ 7 y ,7;/////{:.7/ .’J////ﬁ/,;//;/////’:y/ ',’///?/,7/;///;/{.: //1?,{/%///;/’7/ ’J//z?,{/%/

Mi:GND  M2:1SO1 M3 : RES M4 : 1ISO2

B Substrat: Silicium oxydé B Si3N4 ou SiO2 1 TaN ou NbN résistif
B NbN ] MgO Auto-Aligné B AlouAu
H TaN E Mgo
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Evaluation de I'inductance

WIR

ISO1
GND

f4o {1 2
L= —h+ )\ th(— A th(—

K[ + Az co (AL)JF I, CO ()\L)]
Problem:

U

Lic < 0.5

(Ex. Ic = 400pA — L < 2.5pH)

U

Lo <1.2pH
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Evaluation de I'inductance

K[ AL

Problem:

U

Llc < 0.5
(Ex. Ic = 400pA — L < 2.5pH)

U

Lo <1.2pH

¢ t
— P01 1AL coth(S1) + Ap coth(=2)] "

1,0

—4a— (1 (t2=300 nm, h=500 nm) —=— C3 (t2=600 nm, h=300 nm)

—4— C2 (t2=400 nm, h=500 nm)—O C4 (t2=600 nm, h=200 nm)
2’4513131313-3531313131313

340 360 380 400 420 440 460 480 500 520 540 560 580

e For small [,

A, (nm)

, t1et tomust be higher than \;

e For high t5 the GND roughness increases

(

t1 = 900nm ;ze = 400nm \
h = 300 + 200 = 500nm

L

— 1.45pH
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Etude du modulateur XA

_____ clock distribution T
1

Vb, Sortie
! | JTL

:Rlé | Horloge
| L, L,

i _IfYY\_ ITL Y Y Y 571,

JI X

.

N e % L1

Horloge

—————

I
|
I R 4 . )

Sortie
'Analogique[— V V pas se-bande

; ::HLJﬁbt

o [ | : 1 1
Jonctions count : 14 Ve @ LC XN
C 5

omparateur équilibré----- g

\

——————————————————————————————————————

50 Q) (analoginput signal ) <———) 2 () (comparator + JTL)

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

v

Order 3
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Etude de I'horloge

Greneble

Possible clock solutions:

v

e JTL ring - Ib, L L, b L, ‘:

* Long JJ L A OUT

= Optical clock | o i

e Overbiased single JJ D CUBED <28 X

] | | 1JJ =1JTL stage |
: H(_);'i(;ge _______ j L
The sampling frequency (Josephson Transmission Line)
is tuned to 205 GHz by
adjusting Ib,
— « — Sans bruit thérmique — * — Avec bruit a 9 K
The spectral bandwidth increases 70-

—>lie— 71,3 MHz

- 281,3 MHz
_90_
-100 —

110 -
1120 -
1130 -
1140 -
1150 -
1160 -

-1+ 7777
200 201 202 203 204 205 206 207 208 209 21

0
S
|

with the temperature

¥

The quality factor decreases
Qorx = 2875 => Qox = 730

v

Spectre de Puissance (dB)

Jitter limitation to be studied Fréquence (GHz)
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Etude du comparateur

ST ) Fréquence d'horloge : (A) o 200 GHz . Fit correspondant
:Vbléi Vb% qll_ : ((B)) o 146 GHz Fit corresé)ondant
R, S .
: 1 i L, L, R (l)g_
i —m— JTL 4 Stages Y'Y 0.8 ]
: : 0,7 1
JJ, X JI, X §L3 2 06
| ! =051
G - S 4]
N e e ,~1---- . 8 | 1
Horloge o 1J 3 - 8;
I, ! 0,1
LS A 0]l o oo
= our i1
3 G 4! 10
Comparateur équilibré ; | )
SWitChing prObability P < V( J J 4) > o | 1(iompamteura‘l 200 GHz avec Ic(JJ4)=105% Ic(JJ3)
o 1,0
< (J J 1) > 0.0] Unbalanced Comparator
081 Al x is shifted
v The gray zone and the plateau o
could be decreased of 25% from 200 2 05
GHz to 146 GHz of sampling frequency S o
£ o
v The gray zone is about 5 times o ,
smaller than that obtained with the Nb 004 o 6000 o
technology _0’110 12 14 16 18 20 22 24 26 28 30

[ (nA)
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Etude du filtre analogique

Transmission du Filtre : —+—50Q —+-—2 Q

multl chlp 0-
50 Q) 5 S W(MgO) 20

40
-— _ _-1 60

I 1, '80‘_

2 Q) smgle chip

Fréquences de coupure des stubs

_180 -
2200 -
220-

240 o i
7 requence Z
-260 T T T T T T T T T T ('l T ( T )I T 1

0 5 10 15 20 25 30 35 40

0
1
2
3_
4

-5
29,7 29,8 299 30,0 30,1

<>
Wstub, Wstub,

30,2 30,3

Fréquence (GHz)
50 Q): Fc=30.008 GHz, B=507 MHz and A=0.05 dB
2 (): Fc=30.004 GHz, B=489 MHz and A=0.3 dB
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Etude du filtre analogique

Transmission du Filtre : —+—50Q —+-—2 Q

multl Chlp 0-
50Q s, 3% WMgo) e
T _ _ _ P | 50°
L | g0 Fréquences de coupure des stubs
2 () smgle chip B o O
§ 140 - 1
1 -160 - 2]
180 3]
200 4
Wstub, Wgﬂbz 24218: _39,7 298 299 30,0 30,1 302 303
960 : ; ' ' ' Fréguence (G'Hz) '
Matching problems 0 5 10 15 20 25 30 35 40
Réponse du filtre avec P1=50 Q et P2=2 Q) : Fréquence (GHZ)
A0 Pz T Flge Lo adapte 50 Q: Fc=30.008 GHz, B=507 MHz and A=0.05 dB
5 2 (): Fc=30.004 GHz, B=489 MHz and A=0.3 dB
-10 -
2 . o A
= 20- Filter specifications results
@\
N

. - Zc=2 Q, Fc=30 GHz,

35- B=357 MHz and Att=8.64 dB

_40_ \_ WV,
2900 2925 2950 2975 3000 3025 3050 3075 3100

Frequence (GHz)
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g2l Performance du modulateur S A

Gr en‘bl

LC Filter equivalent circuit

Y Y R Y
—) | T 7 | T r —7 | T —+—) |
c cr M C cr2 Ir2 c cr3 3 C d f th
c5 —— c=C1 L=L1 c7 —— c=C2 L L2 o6 — Cc=C1 L—L1 c4 use or c

1| c=cgo ' R=  C=Cg1 C=Cg c=cgo |2 . .
I JSIM simulations

N4

Sigma-Delta Modulator Spectrum

|IH |

e Comparator bias adjusted for 37% of 1
e Sine input signal: Vpp=200 uV, F=30 GHz

-100 30 GHz ¥l

_ Fs OSR | 1 Vpp [ SNR
A -105- (GHz) (mV) | (dB)
) Fujimaki
P 110 mil [EEE 2003 |22 - / ass
% T al Bulzachelli
w i '
UM Doy, Py el o
: | 1 ; 8 1 1 ] @ @ o
. |; : -5 M‘* High sensibility
= _I £ _120- é , ,
O 23,1dB g eMatching and comparator coupling to
S 1251 % i be improved
8. Y & 1202224 26 78 30 32 34 36 38 40 eComparator Plateau to be suppressed
v -130 S B L L 'Frléqu'enc? (G'H Z)I L

0 10 20 30 40 50 60 70 80 90 100 '

Fréquence (GHZ) ( EXpeCted SNR Of 141 dB ]
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Etude du filtre de décimation (1/2)

, Sortie
[ Easy implementation ] entree o 1 k=3+1=4
>( % >

: Réelle
for Fs/Fc=4 or 8 1/ PaI:::EaS |‘7L')n
\ [Frequency Dividelj

/
n, (  Filtre n Shift Register
Coefficients Passe-bas ]‘7L') .
\ Sortie
%inaire /

—sin(27af t)
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Greneble

Etude du filtre de décimation @/2)

. Sortie
[ Easy implementation ] entrel‘; ) 1 k=3+1=4
> % )7L->|

Filtre I n, Reelle
for Fs/Fc=4 or 8 7 Passe-bas .
[Frequency DlVldeI]

.. n Filtre n Shift Register
COfolClentS Passe-bas .
Sortie

—sin(27af t,)
. 12! /22 /oM
v Frequency divider | / | ! |
Fs/Fe=s f —»\[ JTL ]—-[ T-FF l—i JTL ]—-[ T-FF l --------- >\[ JTL ]—»[ T-FF 47
4 )
Fs=120 GHz M pe M
Vb, T — . —T-FFOUT
° Rlé
Decimation 1:128 Lp,
[49 JJs] a mg ]
/ 17, X Lp, BLP:s 0.
Fs/Fc=8 0 10 20 30 40 S0 60 70 8 90 100

" Fs=240GHz ILX L, L, XU, v
Y LM N E 1,5
' R OUT g *
Decimation 1:256 2 < LXK X 5 0o L
2

[56 JJs] Vel o -
d Toggle-Flip Flop (5 JJs) Temps (ps)
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Greneble

Etude du filtre de décimation (2/2)

For 1 Low-pass Decimation Filter (DF):

4 Accumulators and 4 Differentiators - 8 SR of 33 bits eachone
v Shift Register (SR)

1 SR of 33 bits

[39 6 JJs] Données —| JTL —;[RS-FF ];i JTL ]—i RS-FF ]; _______ _i JTL ]_i RS.FF ]/_>
1 > Y

¥

(1 bit SR = 12 JJs)

—+— Splitter IN  —+ — Splitter OUT1 — + — Splitter OUT2

8 SR AOUTL =4 bttt L LT
[3168 JJs]

X 11,

~ OUT2

; ; : H : 7 H ‘ : H I 4 H i 7 B El

v

Tension (mMV) Tension (mV) Tensi

4 ) (1)2
1 Low-pass DF - el b bl b b L L
XJJ3 i
[~3500 JJs] 1
- 7 Splitter (3 JJs) i

Temps (ps)
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Greneble

Etude du filtre de décimation (2/2)

For 1 Low-pass Decimation Filter (DF):

4 Accumulators and 4 Differentiators - 8 SR of 33 bits eachone
v Shift Register (SR)

1 S[I;;)é §§ St])its Données JTL —i RS-FF ];i JTL ]—i RS-FF ]; ------- —i JTL ]—i RS-FF ]/—»
1 2 n

¥

(1 bit SR = 12 JJs)

—+— Splitter IN  — + — Splitter OUT1 — + — Splitter OUT2
S SR AOUTL st bt L]
[3168 JJs] 1 g Wl Wi/
2 S TrT o T
Iy 1 %
~AOUT2 ol LAt heahhinnhntnnl
4 ) 5 03
1 Low-pass DF = s & e e e
3 ~ 2.5
[~3500 JJs] | 1 oM RN NN
- g Splitter (3 JJs) 2 0
@ ﬁ‘) (I) IIIOIZIOI3IOI4|0I5|0I6IOI7IOI8IOI9IOI1(I)O
Temps (ps)

Band-Pass Decimation filter:

B e coefficients: 0,+1 B e coefficients: 0,+1,+1A/2
KFs/Fe=4 [~7500 JJS] | 51 ow-Pass DFs *Fs/Fe=8 [~15000 JJS] , , 1 ow-pass DFs
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Methodes de test possibles

v Segmented correlation [thése J. Bulzachelli 2002 MIT] ==
' : _-.;‘;. : =
Data (256 bits) read at 1.56 GHz s €
:Segment A M Samples : Segment B %_"‘E
(L Samples) - - (L Samples) §f3 -
Captureld n Capture|:d in :

Shift Register A Shift Register B
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Methodes de test possibles

v Segmented correlation [thése J. Bulzachelli 2002 MIT] .=
\ 4 = i

Data (256 bits) read at 1.56 GHz T =
:Segment A M Samples : Segment B : _

(L Samples) - - (L Samples) | 205 :

| | e ] | =

Goparedin o Coprredin ;

v Proposed Solution: Shift Registers and Demultiplexers

\ 4

Data (64 bits) read at 3.12 GHz RSFQ Memory on Chip

f,18
s ! U064 (S50

>[ SR 8 bits ——»

> R : ‘
.op ! [ SR8 bits Oscilloscope

EE 5 —
>2A | |

30 GHz T M

f, > | SR8 bits sl p\\_ y, .

E. Baggetta



o4 Synthese sur la conception

Compromis sur la fréquence — Eliminer l.e plateau,
d’échantillonnage réduire la zone grise du comparateur

et OSR en puissance de 2

4 )
Améliorer le couplage du filtre au
comparateur et 'adaptation entre le - Augmenter le SNR
_ signal en entrée et le comparateur

4 )
3 : Une implémentation du filtre
' Fs/Fc=4 or Fs/Fc=8 . - de décimation plus faD

Décimation 1:128 == 936 MHz Nyquist output

Fc=Fs/4=30 GHz =mp OSR= 128 =mp SNR= 125 dB
B=468 MHz |Jonctions count: 8000]

Modulator test circuits

Segmented correlation == FFT (256 bits) =+ 1 GHz Readout [4000 JJs]
Simple Acquisition === FFT (64 bits) == 2 GHz Readout [1000 JJs]
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Plan de I'exposé

e Introduction

e Rappels sur le CAN et I'’Electronique supraconductrice

e Etude de la structure du CAN en NbN

e Implémentation et comparaison de la technologie NbN et Nb

e Conclusions et perspectives
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Gr endbl

Dessin des circuits RSFQ

Externally shunted HYPRES Via CEA Self-shunted
Nb/AlOx/ Nb WIR-JJ NbN/TaXN/NbN
Anodic ' Self-aligned
Oxide J Osephson Insulator
Junction
WI;Q?{ES | Base Electrode (BE)
(A "
Shunt I%%
Resistance [RRAR AR
(RES) I | Via BE-
‘ ‘ Ground Plane
Via |
WIR-RES-BE
Jc= 4 5 kA/ cm?2 Je= 5 kA/
d=1.5 um Ic [JJX (NbN)] N IK d=2.5 um
A=0.5 um Ic|JJx (NDb) 4.2K A=1.5 um

E. Baggetta
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=8 Dessin des circuits RSFQ

JTL cell

Il ||||||||||||||||||lm||||ﬂ

il HYPRES --;;;;.-- AR
B o/210:/ b [l

CEA

40 .u.r.n ”NbN/TaxN/NbN n

120 um

L

L

e [Lines considerations:
(Nb) = 0.7pH

(NbN) = 1.45pH

4

NDbN lines are 2
times shorter

e Margins calculations:

[ |omm

Nb(4.2 K) INbN (9 K)

~80 GHz [~200 GHz
JTL 72.1% 48.5%
T-FF 25.7% 21.8%

..........

M [ T ||||||N“|“N W

8

Optimization requires
a better lithography

o O Baggetta |
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’od Le diviseur de fréquence

Grenoble
e S—

Technology performance benchmark

P »
»

VBOLE) 725 jum VbTL) Clock frequency
NbN/TaxN/NbN | Nb/AlOy/Nb
286 GHz 08 GHz
(AT H.ﬂ]l[[[[[[[[ 'III: (I H]II]]II]]II]]I |]]1|]]1|]]1|]]1|]]1|]]1|]]1|]]1|]]1| ||II (I ||II (T |||| AEELELRLLRL ARRRRARS il
Vb(T_FF) . . Vb(T-SFQ/DC
Frequency divider by 64

5 236 GHz —+—CLK

B e Simulated I(V) characteristic
., | T | T | T | T ] T ] T ] T ] T ] _u. _lTF]':—:I 1 for a Single T_FF

2 1

= | | |

~ O LR AR AR AR AR RS PR R R R AR PR R AR R AR AR R AR R AR AR LR PR AR M R L R R A R U R S R R R R LR AR AR R AR R AR AR PR AR AR R PR L R SR ORI B —*—VIN—A—ZXVOUT—O—VOUT

. L 4,0 -

S - TFF2 _

é O_- et BasrSt e e /0 t0a 4/00 2/0e £/t 20 2% £ 4 ha /60 4700 e /50 /e 4700 4 4T A0 Ve &/t /0 0t AV Bt 0 e 210 40 0 4t 2 2 e e & e 0 e 0 e 10 00 /Bt 4 16 A0 S0 U Rt/ e 0 0 e TR AT R T e D R B 3)5_

— — +—TFF3 1

S A 3,0

E O ] A J| J J1 Ji J W i i J J Jh_ak i Je 4l JI i3 J] 1 (T JR_ALJ| J it /] ' J J| g Jo 2t J| J! a1 A |

= > 2,5 -

S - — -~ 1FF4 g - 1,47 THz

1+ ~ 2.0-

I O -2

- o | 215

—~ 2. — - — TFF5 197

> 1 4 % J

£ 0 | I l ™ l " l| “ L . |1 T l 3 J . B 150__

"\1’0 T 0,5—

205 i -

VO,O 0,0 T | T | T | T | ' | ' |
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Fabrication des circuits

Ungrounded junctions library ¥ Critical problem after the self-insulator deposition
" | T Difficulty to put out the photo-resist covering the JJ

TR T3
'Jj4 JJ5 JJ6 ” ey ks 20 |.| | ST
After Lift-off After Lift-off
1p1 RIE
v Ground plane effect +wiping+RIE O-
| JJ4 et JJ6

ans Pd

| connectées au |

PdM (GND) Some JJs of 2.5

um of diameter
are covered

Grounded Josephson junctions

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

Diviseur de fréquence sur puce

CEA (NbN/TaxN/NbN) Area 18 % smaller

< >
Vb(CLK) 725 Um Vb&,ITL)
K | A

NV

TR EATNGRRRT TGS e T R
_ SRR .

140 um

Vb(T_FF)

HYPRES(Nb/AlOx/Nb)

< >
Vb(CLK) Vb(JTL) 1030 ym
v Vv

i
= I- r =m [ a = [ | - — I " - N Sarena
4 1.0 Wi rali MEa a1 ;:Lr*-“ " _-H‘H-; 44 :|_-=.&..-=-.- ed N 2] (2] 121 ’ :
T L i - a : L3 - ™ - s - - = : V' 00 -
=

¥ [E!
- - . - (4 = - '~ VYL
| _.l-‘ ' . - --.
==11| I Y, Ly oL - b I b=
prex : ' L | ! | I flm | 'm
e T e o '“ - ¥ L . , . - .
s LT "N e Tl L Tl 1 ! : . B2 :

Vb(T-FF) Vb(T-SFQ/DC
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GeObI

vod Test des JJs NbN/TaxN/NbN

— +«— Mesure — ¢+ — Simulation 1/Rn L AL pars ‘{ : i I
5+ | . g
4] Ie=1550 pA . 100 pA i 20 pV
34 Rnlc=3,937 mV [ |
2] Je=14,75 kA/em? =
< [ 3
& iy
= =
S ®
S L 3
@ - Y 4
T=4,2 K -
Text
T I R T S TR SRR S [
Tension (mV) | [T 1@-5 | i
; 500uA.:. : 50 uV
v High Rnlc from 4.2 Kupto9 K £ i
v High Jcup to 14.7 kA/cm2 at 4.2 K [ < o
LI AR DR
The junctions are over-damped | : 0 S5t
J P &l -1V011ta e $tep = D
B:(4.2K) ~ 0.7 — B.(9K) ~ 0.4 — (.(14K) ~ 0.05 | i"oltage
Shaplro steps at 9.4 GHz
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Test des JJs Nb/AlOx/Nb

Nb/AlOx/Nb

— . KL999_S2 —-—KL1000_S5 - KL1000_S7

—_—

<

&

=

L

=

=

Q _
] JJ4 Unshunted Junctions

-4 T T T T T | T | T | ' |
3 -2 -1 0 1 2 3
Voltage (mV)

v Any hysterisis present on the I(V)
characteristics

v Josephson effect is still present

g

Superconducting short-circuit

E. Baggetta

Nb/AlOx/Nb externally shunted

—+«—KL1000_S5 —-—KL1000_S6 — - —KL1000_S7

20 pm

Current (mA)

* _/; Shunted Junctions

-6 T T v T T T T T T T
-3 -2 -1 0 1 2

Voltage (mV)

— «— Critical current diffraction of JJ4 shunted junction in KL1000 S6
650

) —

600- /\
550 - / \
~ 5001 / |
< 15 / \  Fraunhofer
S 400 ydiffraction
S 350 f \
O ] £ A
O 2504 ¢ kN
< 200 £ %
2 ' £ )
E 150 4 %
5100 e/ y e,
O-t ! | ! | ! | ! | ! | ! | ! | ! | ! | ! |
-250 -200 -150 -100 -50 0 50 100 150 200 25
Current 1n the coil (mA)
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Test des SQUIDs Nb/AlOx/Nb

o e JIL SQUID
2 )
E o
51
I T T T T S SQUID
Voltage (mV)
v Inductance measurement from SQUID (L .y )
voltage interference period A7 [> N
v Good agreement with the simulation - g
from the design
4L <
Element Valuerc, | Valeurg,, "Ecart S
L(SQUID_JTL) | 2,32pH | 2,07pH | 10,7%]
L(SQUID_TFF) | 435pH | 395pH | 9,1%

JTL SQUID
Bias currents: — ¢+ — 1200pA — + — 1400pA — + — 1600pA
0,6 - AI=1mA

e e O e

/p\

C:

QS_///’\\\\/’xj///.\\\/’NJ///.\\\//‘J///—\\\v/-
> §

o S S G
e

>y

L

L

Vj ,\\/j
0,5

4
1
!
§
!
|
05 00

! |
1,0 1,5

20 -15 2,0
Control Current (mA)
Bias currents: —+« — 1200pA —+ — 1300puA — « — 1400pA

>00u - AI=524pA
400 -
300p
200p
100p

-lm

-500p 0 500p Im 2m 2m

Control Current (A)

E. Baggetta
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Gr enObI

v Variation de )\ (7T') pour le NbN

NDbN Microstrip Resonators designed for Zc=50 QO (W=246 um)

e l Puiss_elljn_ce de -30dBm: —+—42K—+-—10,6 K —+—13K—+-— 145K
d’entrée 1(5) 9.8 GHz ] ‘ / 110.3 GHz High Quality factor
ot } W ) ( Qs0pm = 5000 5 Qoopumm = 3000)
o 304 1,
e 8
I Ol Coupling even over

-50 l W il Ll a distance of 3W

-60 T T T T 1
9,0 9,5 10,0 10,5 11,0

soum | Fréquence (GHz)
Resonators length = \, /2 = 5700pum — 10.2 GHz
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Variation de Ay (7") pour le NbN

NDbN Microstrip Resonators designed for Zc=50 QO (W=246 um)

Lignes l PUiSSan_CCde -30dBm: —+—42K—+-—10,6 K —+— 13K—+-—14,5K
d’entrée 1(5): 9.8 GHZ/ ‘ / | 10.3 GHz ngh Quahty factor
2(5) ‘ ‘ ( Q5o’um ~ 5000 ; QQO,LLHI ~ 3000 )
304
F:d/ -35-: i ‘
5 Coupling even over

il ,‘ .. 1THER T \" ‘““ ik 116 | W | e A 3
g i b e a distance of 3W
55 i ] L |

-60 T T T T T T 1
9,0 9,5 10,0 10,5 11,0

— 5o0um _ Fréquence (GHz)

Resonators length = \; /2 = 5700pum — 10.2GHz 1530, < .. % g
T R s 9
Temperature dependence - = Te
of the resonance frequency = 10.20- -
’ E 10,15 4
London penetration depht g ool
AL (T< 10K) =~ constant B Eaeition dineet ar ke VA
Q 03 ~  Excitation induite -
10,00 — T T T T T T T T

4 5 6 7 8 9 10 11 12 13 14

[L (T< 10K) ~ constantj

Temperature (K)
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Greneble

Synthese sur la comparaison Nb et NbN

— . — NbN/TaXN/NbN CEA envisagé a 9K

Arizona State University |
—+— Nb/AIO,/Nb HYPRES standardisée a 4,2 K

1,4 -

J

Nb/AlOx/Nb| NDbN/TaxN/NbN \> 1’2'_
Foundry Hypres CEA ASU«| _ 10-
>
T (K) 4.2 42| 9 [4.2]10 | E %q] {~1ps
Rnlc (mV) 0.49 3.9 [1.76]0.6|0.1]] & os-
Jc (kA/cm?) 4.5 14.7| 2.2 | 50 | 10 é 04-
Be 1 0.7 0.4]1.9 (0.4 02 WAL o
OO-M ~2.8 psw
,10'1l2'1l4'1l6'1I8'2l0'2l2'2l4'2l6'2l8
Temps (ps)
Advantages Disadvantages
)
L NbN/TaxN/NbN self-shunted jonctions
avold parasitic inductances and increase [ High [, ]
_ the circuit density

Rnlc higher than Nb/AlOx/NDb even at
the same temperature of 4.2 K

|

Temperature current noise 1s
twice higher in NbN than Nb

J

E. Baggetta
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Conclusions

Greneble

‘/ Démonstration des avantages des portes RSFQ NbN a jonctions auto-shuntées
sur les portes Nb:

e T=9 K double du Nb, réfrigération allégee

e Fréquence de fonctionnement triple a 9 K : Frnie=900 GHz, Feircuit =300 GHz,
Je=5 kA/cm?
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Conclusions

Greneble

‘/ Démonstration des avantages des portes RSFQ NbN a jonctions auto-shuntées
sur les portes Nb:

e T=9 K double du Nb, réfrigération allégee

e Fréquence de fonctionnement triple a 9 K : Frnie=900 GHz, Feircuit =300 GHz,
Je=5 kA/cm?

‘/ Etude d'une structure de CAN sigma-delta en NbN:

e maitrise de la zone grise du comparateur (compromis sur la fréquence
d’échantillonnage)

e Proposition de solutions de filtres de décimation et de circuits de test du
modulateur a complexité maitrisée (quelques milliers de JJ)

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

e Grande sensibilité du CAN: SNR=23.1 dB pour signal de 200 uV (Vpp)
a 30 GHz
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Conclusions

Greneble

‘/ Démonstration des avantages des portes RSFQ NbN a jonctions auto-shuntées
sur les portes Nb:

e T=9 K double du Nb, réfrigération allégee

e Fréquence de fonctionnement triple a 9 K : Frnie=900 GHz, Feircuit =300 GHz,
Je=5 kA/cm?

‘/ Etude d'une structure de CAN sigma-delta en NbN:

e maitrise de la zone grise du comparateur (compromis sur la fréquence
d’échantillonnage)

e Proposition de solutions de filtres de décimation et de circuits de test du
modulateur a complexité maitrisée (quelques milliers de JJ)

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

e Grande sensibilité du CAN: SNR=23.1 dB pour signal de 200 uV (Vpp)
a 30 GHz

‘/ Test des jonctions et des SQUIDs:
e Validation de la conception des inductances
e Les valeurs des jonctions et inductances NbN varient peu autour de Tr=9K
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Perspectives

\/ Proposition d'un CAN adapté a 'ANR “HyperSCAN” :
e Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128 —> SNR=125dB
e complexité du CAN complet de 8000 JJ (Rnlc=1.2 mV)
e évaluation de la gigue (jitter)
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/ Réduction possible de I'inductance par carré :

e Ameéliorations par couches buffers, alliages NbN, planarisation (LETI), ...
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e évaluation de la gigue (jitter)

/ Réduction possible de I'inductance par carré :

e Ameéliorations par couches buffers, alliages NbN, planarisation (LETI), ...

\/ Meilleur controle des jonctions NbN/TaxN/NbN :

e reproductibilité de Jc et Rnlc, a 9K, et de la surface par controle
lithographique (LETT)

e Cibler des jonctions faiblement hystérétiques (fc~1.1-1.3) a9 K
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\/ Proposition d'un CAN adapté a TANR “HyperSCAN” :
e Fs=120 GHz, Fc=30 GHz, B=468 MHz, OSR=N=128 —> SNR=125dB
e complexité du CAN complet de 8000 JJ (Rnlc=1.2 mV)
e évaluation de la gigue (jitter)

/ Réduction possible de I'inductance par carré :

e Ameéliorations par couches buffers, alliages NbN, planarisation (LETI), ...

\/ Meilleur controle des jonctions NbN/TaxN/NbN :

e reproductibilité de Jc et Rnlc, a 9K, et de la surface par controle
lithographique (LETT)

e Cibler des jonctions faiblement hystérétiques (fc~1.1-1.3) a9 K

‘/ Environnement de simulation enrichi (type CADENCE) :

e évaluation plus pertinente des marges des portes (Jc, Rnlc, B¢ en
fonction de T)

e regrouper JSIM et InductEx évaluant les parasites du layout
routing automatique et description VHDL des portes logiques
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CAN en semiconducteurs et supraconducteurs
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Interface Supra-Semiconducteurs
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