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Information and Communication Technology; ICT
2010 12 9,462 78.2%
[1] ADSL FTTH
1-1 2006 460Gbps 2011
1.5Thps 5 33 [2] ICT 2006
470  kWh 5% 2025 5 2400 kwWh
20% [3] 2020
Pbps 10MW
[4]
1000MW [5]
ICT
ICT
ICT Figure of Merit bit/'Ww
PC ICT
[6]
30 ICT CMOS
CMOS
Uk
UK k
'S CMOS
uLsl [7]-[9]
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2005 2007 2009 2011
1-1. (2]
=fCV? f C
Vv 20nm
[10] CMOS
CMOS /
Single Flux Quantum; SFQ [11], [12] bit
CMOS 3 100GHz SFQ
SFQ
Si CMOS
[13], [14]
1-2
1911 H. Kamerlingh Onnes
[15], [16]

100

[17] Magnetic Resonance Imaging;

MRI [17]
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[18]
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100GHz 1THz SIS
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Transition Edge Sensor; TES X
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I e
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1-3(a) -V
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I e
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DC lc
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[27] 1970
1982 1991 “
” GHz
Josephson [28], [29]
GHz
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O =nd, (12-21)
(1-21) n O SFQ n=1
(DO ‘)91‘)9
),0‘)9
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))1’) ‘)90‘)9 1976
Nakajima [11] Likharev /
[12]
SFQ 1-7
RS RS flip-flop; RSFF RSFF Jl1 DC
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v(t) v(t) @q SFQ
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|, ~®,/L I ) L
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-
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O
0
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> >
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SFQ 10GHz
JTL
JTL SFQ
Ic JTL
[30]
12 JTL [30] SFQ
19 SFQ PTL PTL
Microstrip Line; MSL Strip Line; SL
JTL PTL Passive
Transmission Line PTL PTL
SFQ DC
SFQ SFQ
PTL SFQ
DC SFQ
PTL RC LC
SFQ [12] 1Imm  PTL
8psec JiL 2 40um  120pum
JTL JTL
SFQ SFQ @ SFQ
T \Y T
T= & (1-22)
\%
Ic 1-3 (b)
-V R Josephson VIR
(1-22)
CDO
TR (1-23)
IR

7 IcR SFQ fc=1
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SFQ SFQ
A A
. A A A
L1 L2 7 g L3 L4
IL 7;7; 7777' 77;7 7777 (Do
( )\ J\ J
Y Y Y
PTL
1-9. PTL
(1-20)
() ()
CJ _ ﬂc o2 _ 0 . (1-24)
24 .R*  24.R
CJ Jc IC
Cy el (1-24)
[cRoc/Jc (1-25)
IcR \/i (1-23) (1-25) T
T oC i (1-26)
\/Jc
© s IR
Jc:2.5kAlcm2 [31] 0.37mV (1-23) T Spsec T Jc
Nb 3.3meV T 0.7psec
DC Is
v(t)
E={ Ivt)dt = 1,0, (1-27)
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le

SFQ O
4K 0.2mA
lc 70% (1-27) bit 0.3 [aW/bit]
CMOS 3 [5]
SFQ SFQ
psec SFQ cm
PTL
RC 1
1 SFQ psec RZ Return-to-Zero
SFQ SFQ
PTL RC
SFQ Multi-Chip Module; MCM
SFQ NER 1-10
Jc:50kA/cm2 Jc T T flip-flop; TFF 750GHz
[32] Je=1 2.5kAlcm? [31], [33] AD
Analog-to-Digital Convertor; ADC [20] [34], [35]
[36] 1,000 10,000 SFQ 10GHz 40GHz
Jo=10kA/cm? [37] 120GHz [38] 93GHz
[39]
SFQ 100GHz
1-11 SFQ
1000 \pP
_ - ‘_‘_‘?f'.\.'— f_c_______c._--—-‘7SOGHz TFF Chen, etal.
.2 \C C\QC\( o<
> 12 Akaike, et al.
100 GHz Adder Tanaka, etal.
a, etal
' Kameda, et al.
10
1 2.5 10 100 J, [kA/cm?]
10 4 1 0.1 [um2]
SFQ Jc

1-10.
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[40] SFQ
4.2K
Circuit Under Test; CUT SFQ
Shift Register; SR SR High-Frequency Clock
Generator; HFCG SFQ
10kbps 10kHz
SR SR HFCG
1 HFCG 40GHz
SR CUT SR
SR CuT CuUT
CUT SR HFCG
40GHz 10kHz
SR SR CUT
10kbps
CUT 40GHz
SFQ SFQ
SFQ
JTL PTL [41]-[46]
PTL PTL
PTL
PTL PTL
SFQ SFQ
SFQ
\
trig bl frlﬂ-l - |
data(:ioi%k Eg%%—u.ﬁ* 0 X ..ﬁf!fﬁ..g"cu.:r-e.::)—» data.l out
data:n in —Q:::)-AC:"E]—-EEE}- »D:ijj-é".tl-ﬂ::} data:m out
u
SFQ

4.2K

1-11. SFQ



Multi-Chip Module; MCM

1-11
SFQ
Input/Output; 1/O
| SFQ
SFQ
Josephson
JTL SFQ
lc
JTL SFQ
|
SFQ
SFQ
SFQ MCM
SFQ
MCM
m SFQ
1-11

SFQ

MCM
SFQ
SFQ
SFQ
JTL  Josephson
[30]
SFQ
JTL
[30] SFQ
[47]
SFQ
nH
Cu 4.2K
1-11
SFQ
SFQ
110
SFQ

SFQ

JTL

12

SFQ
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1-11 SFQ
SFQ
1-12 SFQ
1-12 SFQ PTL
SFQ MCM
SFQ MCM
SFQ MCM
PTL SFQ
MCM PTL SFQ SFQ
SFQ Superconductor Voltage Driver; SVD
SFQ MCM
ch 110
1-12  SFQ
(i) SFQ MCM
PTL SFQ
(i)  10Gbps/ch 1/0 ch
(ili)4K  SFQ 10Gbps/ch 1/0
@) PTL SFQ
PTL JTL
PTL
[41]-[46] SFQ PTL
PTL PTL
PTL
PTL PTL
SFQ JTL
PTL SFQ SFQ
SFQ MCM
SFQ SFQ
SFQ Herr

Double Flux Quantum; DFQ

Jc=8kA/cm? Je
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AQ

\/ \/

eoe
YY)
YY)
.
.

\/

SFQ SFQ
in1_1 — — — out3_1
inl_2 — — > out3_2
e SFQ SFQ . . pd
inl_n —€ — €7 [T)— out3_n

I || |
in2_1 —¢y ) — € [)— outd_1
in2_2 —¢gy ) — € [T)— outd_2
: : 2| s $|]] s : : :
in2_n —3 ) j — €] [— outd_n
SFQ SFQ
SFQ MCM sty
QMEM=y MCM nill
4K 40K
1-12. SFQ
60Gbps [48] DFQ SFQ
PTL SFQ
SFQ
(i) 1/0
4K
SFQ
(iii) 1/0
SFQ SFQ psec
mv SFQ Q
50Q SFQ 4K
Im
SFQ 10Gbps/ch Bit Error Rate;
BER Superconductor Voltage

Driver; SVD SvD
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SvD MSL MSL
SFQ
/
/ SFQ 10Gbps/ch
1-4
1-3 1-12 SFQ @ (i)
3
[ PTL SFQ
ch 110
SFQ
[ SFQ 40GHz
SFQ
| SFQ
1-5
SFQ
PTL SFQ
2%x 2 40Gbps
SFQ
110
NRzZ SvD 25Gbps/ch
40Gbps/ch /10
40Gbps SFQ 40Gbps
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SFQ
NICT NEC
CONNECT [49]
NEC Nb 3 Nb
[31] Nb I 4 Nb [37]
Jo=2.5kA/cm?
Jo  10kA/cm?
2 PTL SFQ
PTL PTL
PTL
PTL
PTL PTL PTL
PTL
4% 4 JTL 4x 4 PTL
3 SFQ MCM
2
2 PTL 3
SFQ
SFQ
Jo=10kAlem® e 100GHz ~ SFQMCM
4
10Gbpsx 32ch  1/0
110 SVD
SvD 10Gbps
SVD SFQ 10GHz
5 2 4 SFQ
PTL SFQ

2% 2 2% 2
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8ch SVD MCM

6 /0
Rz 12
NRZ SVD NRz

40Gbps  SFQ
PD/SFQ 1:2 DEMUX NRZ
SFQ
7
SVD TDR
MCM SFQ
SFQ
8

2x 2 MCM
40Gbps 2
NRzZ SvD NRZ
4 SVD Rz

Uni-Traveling Carrier Photodiode; UTC-PD
UTC-PD 40Gbps
PD/SFQ

40Gbps

SFQ
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2 PTL SFQ
SFQ 100GHz
1uW/gate Josephson psec SFQ
Passive Transmission Line; PTL
[12] PTL
Micrtostripline; MSL Stripline; SL
ULSl RC [71-19]
PTL 0 RC LC
SFQ
PTL
Multi-Chip-Module; MCM
SFQ
PTL mm cm psec Kautz
[50] [51]-[53] SFQ
PTL SFQ
[12] SFQ JTL
PTL SFQ PTL
PTL SFQ
PTL SFQ PTL
SFQ PTL Polonsky SFQ
JTL PTL
JIL PTL JTL PTL SFQ
[41] PTL JTL SFQ PTL
JTL SFQ PTL
PTL [42]
[43] [44] SFQ
PTL SFQ
Suzuki PTL JTL
[45] PTL
PTL

PTL
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[45] Suzuki PTL
PTL
PTL
PTL
PTL
PTL
PTL
PTL
PTL SFQ
SFQ
PTL
PTL
PTL
4x 4
SFQ PTL

SFQ

[41]

PTL

PTL

0.6mm 3mm 6mm 9mm 4

[45]
SFQ

SFQ

JTL

11GHz

8.4psec/mm

[46]

PTL

PTL

PTL  SFQ

SFQ

JTL

PTL

SFQ

PTL

PTL

PTL

4x 4

8GHz

4

6.7GHz  5.9GHz
PTL
[46]
JTL
PTL
PTL
PTL
SFQ
PTL
JTL

PTL



2-1 PTL SFQ
2-1-1 SFQ 2

SFQ

Josephson

®q
JTL
JTL psec
CONNECT [49] JTL
JTL
JTL
psec
40GHz

JTL  Josephson
(iv)
(v)
(vi) PTL
(vii)
(viii) JTL

[30]
) v JIL
(i) SFQ
SFQ
SFQ
PTL 2-2
PTL

PTL

JTL PTL

JTL JTL

[12] Llc ®o

dy, SFQ

SFQ

4Apsec/

psec

JrL
[30]
1/2

25

2-1

SFQ

SFQ

12

(i) SFQ

(i) SFQ
JrL

GND

PTL

(iv) (V)
(i) (v)
SFQ
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SFQ
| \ I I I
L 'A'] L A L L L
AN\ ra'a"a" A 4 Y'Y\ \ 4 Y\ A 4 —t Y\,
o /@}—x—»@ X e X e
@, I
77?7 77?7 77?7
2.1 JTL e L g

L L |\ oL L
—_ Y Y Y Y ALY
> I T z Xle Xle
77? Yo d Yo d 7797
PTL
2-2. PTL PTL PTL MSL
SL
JTL
PTL 2-2 PTL

21 NEC Nb Je=2.5kAlen? [31] JL  PTL 2-1
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JTL CONNECT 80um 2 JTL L PTL
JTL 1
mm JTL PTL
JTL OB SFQ
PTL JTL 1
SFQ JTL
JTL 1 psec
PTL
PTL
SFQ PTL
JTL PTL
psec JTL
2-1.JTL  PTL
JTL PTL
25 /mm 3
9.4 uW/mm 1.1 pW
104 psec/mm 9.9 psec + 8.4 psec/mm
1
. 0.85x /25l psec 1.5 psec
[y [mm] /2
) 0.09x /25 psec 0.16 psec
lyr [mm] /2
a Furuta [54]
b Terai [55]
! CONNECT JTL 4opm 2 JTL
21 2 21 42
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2-1-2 PTL  SFQ

PTL 2-2 PTL PTL
PTL
Polonsky [41] Polonsky
JIL  PTL [41]
2-3 JTL JTL
Ic
1 SFQ T JTL
Polonsky [41] JTL
L lc
LI. <<®, (2-1)
(2-2) JTL
L 27
(2-2) 2-3
Dy/L
L I L ¢'(1)-4(1)
%(¢I(t)_¢(t))= LI, <Ll. <<®, (2-2)
T
(2-2) 2 L e
(2-2) (2-1) (2-2)
L
¢'(t)-g(t) << 27 (2-3)
(2'1) L 2w
L I (2-2)



! ¢(t)| ¢(t> L

g

IC L(t)
V()| e
2-3. JTL Ilc L Ig
| :(gjw(t)—qﬁ(t)
" lon L
JTL

¢'(t) - p(t) = p(t +7) — ¢(1)

(24 I

| :(gjﬂtw)—ﬂt)
o\ 2z L

P+ -9 __,
2

(2-6) T

L
Y YL
X I X I
777 77?
L
(2-5) 27
(2-5)

29

(2-4)

(2-5)

(2-6)

2

(2-7)
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2 t
\/
(2-8) 23
V L
Ly = |_ R
L T
JTL
L
L=Ly ~—
T
JTL PTL
SFQ
(2-10)
TPTL
Lpr
Y Len
Con
Ter =/ Len Cpn
2-11)  (2-12)
Y Len
Ter
(2-10)
L ~ Len
T Ten

JL  SFQ

PTL

Cem

PTL

PTL

Josephson
JTL

(2-10)
Polonsky
z

CerL

(1-2)

JTL

(2-8)

(2-9)

(2-10)

PTL

PTL

(2-11)

(2-12)

(2-13)

(2-14)



JTL
JTL (2-1
PTL
PTL (2-13)
JTL (2-9
Polonsky (2-10)
2
PTL
JTL Llc
Llc L ¢ T
Ic
(2-10)
2
@ (2-10) Llc << @y
SFQ
(b) (2-10) Zm T T
JTL
PTL
T
T
Polonsky PTL JTL
PTL PTL
SFQ PTL
PTL
pssc RZ
PTL
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PTL
Polonsky
JTL
PTL Polonsky
PTL
© 3
z 5
T
(2-10)
SFQ
JTL
JTL JTL
lc
SFQ
SFQ
JTL
SFQ SFQ

SFQ
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SFQ
SFQ
PTL Tit SFQ
2-4 PTL
SFQ T SFQ
SFQ
Trt
T~ Trt (2-15)
SFQ
1
i 1
T
Gl
AN AN A-—4
—_—NY, a'a e ') ) a'a'a Ia'a's W
Z
2-4,
2 SFQ SFQ SFQ
PTL PTL
SFQ PTL SFQ
SFQ SFQ RZ



SFQ
SFQ

—h
Il

1l
=~

(2-15)

res

(2-19)  (2-20

SFQ

frs PTL

(2-19)

PTL
SFQ

SFQ PTL
PTL
PTL
(2-15)
PTL T. PTL
SFQ
fres
(2-20)
frs PTL
f(2-19) (2-20)

PTL

SFQ
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PTL

PTL

(2-16)

(2-17)

(2-18)

(2-19)

(2-20)

PTL



JTL SFQ
PTL
Polonsky (2-10) Jo=2.5kA/cm?
PTL 2-5 PTL
2Q 3mm lc 70%
PTL  40um r LC 2-6 (9) -8%
SFQ 1
PTL
8 2-6 (b) 2-6 (a)
55psec  65psec 2-7 2-5
PTL -8% T f=UT
2-7 (a)
55psec 1 2
2-6 (b)
2-7 (b) 65psec
SFQ
8%
T
T=65psec
T=60psec T=65psec 30%
1/8 PTL 30%
f PTL T PTL
fres
IB IB IB IB
L L Z L L
e o™ Vo o W Fg) e o oW e o o W
IS S ¢ X IcX
7777 7777 7777 7777
2-5. Polonsky PTL

[c=0.125mA [5=0.088mA L=7pH Z=2Q
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[mV]

03 [
02 [
01

01 ¢

2-8.

04 |

55 60 65 70 75 80
[psec]
25 PTL

05 ¢
E 55ps >
%‘ 04 g 65ps
L = 03 | PTL 55 65ps
02
4 0.1
—JW 0
"""""""""" 01 b
0 200 400 600 800 1000 190 210 230 250 270
[psec] [psec]
(a) (b)
2-5 PTL 1
@ (b)
S
£
(a) (b)
2-5 PTL
(a) 55psec (b) 65psec
3.3 r
_ gé 45000‘0/000000000000000000004»
2 27 [
— 25 |
C *
23 ”0 IS
21 [ ®e
1'9 - * XXX X *
1:7 $ecesoee, L X
1.5-||||I||||I||||I||||I||||
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SFQ Jc=2.5kA/cm? 20 40GHz
SFQ 1 3mm PTL 20GHz
60GHz 3 SFQ (2-19) (2-20)
Je SFQ
SFQ PTL
SFQ PTL
PTL SFQ psec RZ
SFQ 10GHz 100GHz
PTL SFQ
2-1-3
PTL SFQ PTL
PTL
SFQ PTL
SFQ
PTL
PTL
* PTL
PTL
PTL SFQ
[56]
Josephson SFQ
PTL
PTL JTL Polonsky [41]
3 Suzuki NEC Nb PTL 8.4psec/mm [46]
8.6psec/mm PTL
.
PTL

PTL
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[GHZ]
(b)
(@ S21 (b)S11
100um
50pum
3dB 100um
100um SFQ
SFQ
100um S11
50um SFQ
SFQ
40Gbps
3-11 (b S11
frnax 250GHz S11 -7dB
20%
50um
100um 50pum

SFQ
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3-4 SFQ
341
SFQ 35 2
[57], [60], [61] Herr SFQ
PRBS [48]
312
Variable Delay Line; VDL  DC/SFQ SFQ/DC
MSL MSL MSL 2
MSL 2.2mm MSL 1.6mm
MSL 2.6mm
2 MSL MSL
64mm MSL 2
6.4mm MSL 2-4 (2-28) 75=5psec
9GHz
Output
Fixed-bissed block ~ [S/D Ground bump  § Signal bump
16mm @ ‘»/. 2.6 mm
 J €9 J |~ BUF_REC|HR [ O
SPL . ®:0® oncarier
On-chip MSL ® MSL
sw — B oo "\
m o~
> J —! J o J —'BUF_DR\/"’D —] @]
2.2mm o:0
D/S :
T Chip { Carrier
Switch Input Averaged voltage ]
3-12. DIs SO J SPL CB D R VDL SW

BUF DRV BUF_REC DC/SFQ SFQ/IDC JTL
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JTL Splitter; SPL Confluence
Buffer; CB BUF DRV BUF REC BUF DRV
1c=0.4mA CONNECT JTL 1c=0.22mA
lc 2 JIL 3
BUF REC  1c=0.1mA CONNECT
JTL lc 2 JTL
4 BUF DRV  BUF REC 313 2
JL e JTL lc 2 JTL
BUF DRV JTL BUF DRV lc  70%
JTL BUF_REC
BUF _REC JTL lc  70%
3-2 BUF DRV BUF REC 1ch SFQ
2.65mA 6.63uW
312 2

DC/SFQ 10kbps

SFQ - MSL - -
MSL - - MSL - - SFQ/DC
SFQ
DC/SFQ SFQ SFQ =
MSL - - MSL - - MSL - - -
bias bias bias

L31

L32

din dout

LPIN11
Ji1
0351 g21g

LPIN31
J31
0.205 04

@

bias bias bias bias

R11
17.85

L32
5.203

L33
2254

L41 L42 L43
2428 4766 2015

L12
10.455

dout

din

LPIN41
0351 (216

LPINLL
a1
0343 g1

LPIN21 559

LPIN3L
31
0.14 0.346

0.2

(b)

3-13. (3 BUF_ DRV  (b) BUF_REC
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VDL - - SFQ
SFQ f VDL
SFQ N f
\Y Josephson f=Vid, f
T \ 500
\ 500
3-2. SFQ
[mA] (W]
0.56 14
0.14 0.35
BUF DRV 1.12 2.79
BUF REC 0.84 2.09
2.65 6.63
bias switch bias

L11 L12 L13
52 1.196

din dout
LPIN11
0.205
3-14. mA pH
Q 2.5mVvV
3-3.
Ic Ic ) MSL
[mA] [mA] [mm] [GHZ]
0401 0.4 0.1 6.4 9

0401_OC 04 0.1 3.0 18
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3-14 switch DC
din dout switch
din 33 dout
2 33 2
33 ” 0oC” SFQ
),_OC),
1 MSL MSL 6.4mm
3mm MSL
9GHz 18GHz
3-4-2
5mmx 5mm 8mmx 8mm  MCM NEC Nb [31]
Jo  2.5kAlem? MCM S MCM
MCM MCM
Nb TilPd/Au 3 Z Ti Pd Au
50nm 300nm 300nm 3-15 MCM
SFQ 0401
SFQ 0401 _OC
MCM
SFQ 2Q MSL
3-12 MCM
MCM MCM
MCM
3-16
SFQ InSn
MCM [92], [93] %
% Nb InSn Au

% Miyazaki
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20 MSL 34um $50um 124

0401
5mm
€)
$50um 124 20 MSL 34um

1
N

EEEREEEEEREEE

N Y
NENEDNEMATENEURN

]
"]
]
]
[}
™
@
]
[ ]
]
L]
o
u
m
n
m
N
|
m
"
]
i,

3-15. @ (b) MCM
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MCM

100pum

3-17.

100um

SFQ/DC

50um

D/S 50Q

3-16.

MCM 317
InSn
27
312 DC/SFQ 10kbps
3-18 SFQ
3-19
50pum
50pum
0401_OC

$50um

$50um InSn

20 MSL 34pm

50um  InSn

GND

2 MCM



3-18. SFQ

DC/SFQ SFQ

SFQ N
+20%
0.56mA
V 100
0.650V
AV
SFQ 1
VDL

N 17 VDL
V  60Gbps
SFQ

0.56mA

500msec

0.5%

113

v v 20008

0101001101010011010

10013 1010011010

- —

L day
200usec
0401
312
SFQ
Y, (2-26) SFQ
SFQ T
VDL -20% -10% + 0% +10%
0.14mA 3-20
100 \%
\% T N VDL
A 2-3 AV
\%
AV 6uV v
SFQ
+20% V=126V
0.14mA SFQ
SFQ
0.14mA 0.56mA
\%
SFQ N

SFQ
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50pum

100pum

50pum

100pum

50um

100um

3-19.

(b)

#1
#2
#3

#1
#2
#3

{ #a

11

#2
#3
#1
#2

L #3

{ #a

—_

1

#2
#3
#1
#2

L #3

{ #a

2100 80 -60 -40 -20 20 40 60
(%]
@
100 -80 -60 -40 -20 20 40 60
[%]
(b)
-80 -60 -40 -20 0 20 40
(%]
©
SFQ
100pum
#
@

©

SFQ

50um
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- 60 Gbps (124.2 i
. 80Gb ps(1242pV) . S P
120 - " g :
— B m o A i
> L o 1 —
E100 - avs,? 0%
> F [“I=RV N . 1 0]
| m0 4y, ¢ 1 —
80 - a0 A% 1 40
L o A A o il
= E A L o :
60 I 130
r B2 i
i " A, mVDL =420% |
40 gg' oVDL =+10% - 20
i . g AVDL =+ 0% |
20 | L I VDL =10% - 10
-9 +VDL =20% |
O | | I 10 1 L O
0 5 10 15 20
N
3-20. 50um SFQ
VDL N
T 3-21(a)
MSL 9GHz
3-11
5Gbps 60Gbps
+ 24.7% vV + 0.65uVv
+ 0.3GHz
3-21 (b)
18GHz
SFQ
60Gbps SFQ
CB 3-12 CB

115

0401_OC

MSL

SFQ
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1
09 |
g 0.8 7 W:%.aoo’o:v“
0.7 XX
—_ L + 0,
06 | + 24.7%
05 L s O
04 R » Wb rees ot
’ = * * > "’o N
03 | "b, bl o 7
02 |
Ol FNN TN N N T T AT T T T B S AR 1 Lo TR R
0 10 20 30 40 60 70
T [Gbps]
€Y
1 L * l -
09 | », 09 [
| WMW.. e L N . .
7 08 - — 08 | Ty N
S 0.7 L XX E 0.7 . \
fla . — *
! + 26.9% - l+1000 -
0.6 06 | R
05 | 05 [ ¢ w00
04 [ v I bt 04 ?,'\',?'J:‘} T
03 | / \ o 0.3
0.2 | ® 0.2 r
01 L0 L oLt —
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70
T [Gbps] T [Gbps]
(b) (0
3-21. (a) 50um
(b) (c) 100pum
ain-bin bin-ain®  11.5psec 312
SFQ 60GHz SFQ
17psec CB ainbin 2 2 SFQ 60GHz
SFQ
60Ghbps
SFQ
%8 CB ain hin 2 ain-bin  ain bin bin-ain
2 SFQ DC/SFQ SFQ CB
SFQ DC/SFQ  SFQ 2 DC/SFQ
SFQ SFQ CB
ain-bin bin-ain 2
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100pm 0401
3-21 () 100um 40Gbps
311 100pm
SFQ
40Gbps
100pm 40Gbps + 10.2%
SFQ
SFQ Jo=2.5kA/cm? Herr
Jc=8kA/cm? Je Herr 60Gbps
Jo=2.5kAlcm? SFQ 40GHz
SFQ MCM
MCM
1 1
SFQ MCM
351 0Gb p SFQ
DFQ SFQ SFQ
Jo=2.5kA/cm? SFQ 60Gbps
SFQ 100 GHz
[38] SFQ 100GHz MCM SFQ
100Gbps SFQ
SFQ
100Gbps SFQ
100Gbps Jo=2.5kA/cm?
SFQ 0401 Jo=10kA/cm?
NER J 4 2
Jo=2.5kA/lcm®  60Gbps Jc=10kA/cm? 100Gbhps
J 4 SFQ t,
Jo=2.5kA/cm? 1/2
Jo=2.5kA/cm? 2 500GHz 311
50pm 340GHz 500GHz
Jc=10kA/cm? 50pum

30um
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322 Jc=10kA/cm? SFQ

2 Llc @2 JIL lc  70%
lc Jc=2.5kA/cm? 35 PTL

2 40
2-1-2 Jo=2.5kA/cm?
RD1 2 %0
Jo=10kA/cm? I-V

3-23
R 3-23

[cR=0.88mV -V

pe 1
R IcR=0.88mV

JD2 JR1

Pe

SFQ
3-12
[49] 1/4

ID1
LD1 LD2 RD1

VW )]
JD1 JD2

Driver

3-22. Jc=10kA/cm? SFQ

100Ghbps
31 PTL
Jo=2.5kA/cm?
P IcR=2.2mV

Jc=2.5kA/cm?
Jc=10kA/cm? CONNECT

R IcR=0.88mV
6.4mm MSL 55psec

IR1

Z LR1 LR2

A o 4

JR1 JR2

Receiver

JD1=JD2=0.4 mA

JR1=JR2=0.1mA LD1=LD2=1.3pH LR1=LR2=52pH ID1=0.56mA IR1=0.14mA Z=4Q

RD1=1.36Q JD1 JRZ2 |cR=0.88mV

IcR=2.2mV R
o PTL DC
2-9 DC 0 DC
PTL RD1
2 RD1 2 Je=2.5kAlcm?
st Jc=10kA/cm? IR

R JD2 JR1

Jc=10kA/cm? PTL
DC

DC

0.88mvVv R
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MSL 9GHz
MCM NEC Nb [31] Je
10kA/cm? Nb/AI-AlOx/Nb Al 85mTorr
30 Jo  9.6kA/cm?
1pmx1pum 1,000 lc o 1.6%
1.30 1.20 1.1 40 MSL MSL
17um InSn MCM
[92], [93] 30pum
50pm 3-24 30pum
MCM
Jo=2.5kA/cm? 10kbps
50um 30um
3-25
3-25 (¢) 50um
3-25(a)
36
SFQ
DFQ il
Jo=2.5kA/cm?
1/7
il (
V‘j —unshunted
SRR —I1cR=0.44mV
s —IcR=0.66mV
—I1cR=0.88mV
A 0.2mA
{ S / 1mv
3-23. Jc=10kA/cm? 1c=0.22mA -V

-V
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$30um InSn
3-24.
GND
SFQ
VDL
-36% 3-26
100 \Y
VDL
SFQ
T N N
SFQ
SFQ [97]
VDL
24 VDL +20%
V  117Gbps T
65Gbps
30um
T

-20%

0.14mA

-20%

117Gbps

40 MSL 17um
30um  InSn S G
DC/SFQ SFQ
SFQ T N
+20% 3-26
0.36mA
vV 100
0.65uV 3-26
avVv 8.5uV
SFQ
N SFQ
T N
N VDL
SFQ
N
V=243uV (2-26)
MCM 50pm
30um

117Gbps



30um

50um

30um

50um

30um

50um

3-25. Jc=10kA/cm?

SFQ

@

SFQ

30um

#1

#2

#3

#1

#1

#2

#3

#1

-100

-80

#1

#2

#3

#1

-100

0401

(b)

-80

SFQ

©

50um

121
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0.14mA

250 =] 120
[}
100 Gbps ano,
---------------------------- aa--4--2 100
< 200 [ S0t 7
= mo, %, 8_
> E;f:Ai“’. 80 O
%,150 - _Egiff” ;
E et | %2
g 100 | 328%°  wvDL bias=+20 | 40 §’
g’ Rgg‘ 0VDL bias= +10% E
3: 50 | !go A VDL bias=+0% | 20
] A VDL bias=-10%
® : + VDL bias=-20%
0 e : ‘ ‘ 0
0 5 10 15 20 25
Number of circulating pulses N
3-26. 30pum SFQ
SFQ Jc=9.6kA/cm?
0.36mA 0.14mA
SFQ SFQ
500msec
0.36mA 0.5%
SFQ
VDL N
3-27
117Gbps + 8.5%
30um BER
0.14mA VDL +20%
24 SFQ 117Gbps
8 V  500msec
Bit
BER 0™ 1
117Gbps SFQ BER

5Gbps

0.36mA

N
Error Rate;
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0.7
_" 0(’ .: ’0 - 0’000. .
< 06 | P ,o’“"":.w’.’ *a%te
é ey I |
= | 0,
5 05 [___3+85%_ _________ PO oy
5 $ &g YT,
O 04 - . ,‘ :' e 0:,:9“ - 0:.‘:":00
& sl
0.2 ‘ ‘ : ‘ ‘
0O 20 40 60 80 100 120
Throughput [Gbps]
3-27. 30pum SFQ
Jc=9.6kA/cm?
SFQ
SFQ SFQ DFQ
DFQ
Je=25kA/cm®  60Gbps 10KA/cm®  117Gbps
SFQ SFQ MCM
SFQ
100GHz MCM
2
SFQ 2 PTL
2

35
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4 1 Gbpsx 3 2hc

1/O

SFQ 100GHz
psec mVv SFQ
Q
SFQ
SFQ
SFQ
110
SFQ
Wiedemann-Frantz [98]
1/0
SFQ
SFQ
[99]
100Mbps/port Gbps/port /0
10Gbps/port /0 [100]

2ch
4x 4
10Gbps
[101] 10Gbpsg/port

SFQ
SFQ
SFQ 4K
SFQ
500
SFQ
SFQ
110
110
110
SFQ
1/O
[99]
100 1000
24ch 1/O
4Gbps
110 SFQ
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SFQ
SFQ
SFQ
10Gbps/port BER
4-1
Gupta
[99] 4K 60K 2 Gifford-McMahon GM
1st 53K 6W  2nd
42K 0.2W SiGe HBT 1st
Superconductor Voltage Driver; SVD mv 800mV
HYPRES 20GS/s 15hit ADC
ADC 6000 80
/O 38ch 20GHz 1ch 1GHz 28ch 300MHz
2ch 20GHz 1Gbps
1GHz 27dB 10GHz 7.4dB 20GHz 12.2dB 20GHz
10
3
SN [94] 110
40
78ch 4K
Dubash [101] 4K 80K
24ch /O 2ch 110
18GHz 80K Photo detector; PD
80K PD 80K 14GHz
80K GaAs SvD
80K 15GHz 11dB SvD 24 SQUID

JTL SQUID DC
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InSn

SFQ/DC JIL  SFQ

MCM 4x 4 SVvD
x 1.25in 3.2cmx 3.2cm MCM 100um

5 7um
Single Chip Module; SCM
MCM
72pin
4Gbps
10Gbps
BER
SvD 4Gbps
10Gbps/ch 1/10
110 SFQ 10Gbps/ch
Bit Error Rate; BER
BER
10Gbps BER
10Gbps
[102]
4-2
110
SFQ
110

1 /0

SFQ

BER

SQUID
1 5mmx 5mm 1.25in
Multi-Chip Module;
HYPRES  Jc=1kA/cm’
BeCu  Spring finger
4x 4 1ch
1Gbps/ch
‘)91’) ),O‘”
SvD
10Gbps
SvD mvV
/O 32ch
110
110
1/0
1/0
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RZ
3
3
32
Rz 10Gbps
10Gbps RZ 30GHz
/10
10Gbps/ch
4K 40K 50K
2
SFQ MCM

mV 10psec

BER

1/10
2
GM 4K 1W
110 SFQ
10ch 1/10
4-1 4K
40K 2 SFQ MCM 4K MCM  SFQ
SvD MCM
SvD
Je=2.5kA/cm? SVD
Jc=10kA/cm? 41
4-1 SvD 1
SvD
500 NRZ
10mvV SFQ NRZ/SFQ NRZ-to-SFQ convertor;
NRZ/SFQ SFQ DC

2 3dB [94]
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e A U
10Gbps i 10 - 40 Gbps 10Gbps | 10Gbps
Level (NR2) SFQ pulse (RZ) Level (RZ) ilLevel (R2)
~10mv i ~2mV i ~50 mv
500 i 2-4Q 50Q iB50Q
4-1. D/S NRzZ/ISFQ D R AMP
DC/SFQ NRZ/SFQ SFQ
SFQ
DC/SFQ SFQ
SFQ 3 SFQ
PTL 20 40 Jc=2.5KAlcm?
10K A/cm? SFQ SvD SVD 50Q
2mvV RZ SvD 40K
50mVv SFQ MCM
1/10 10Gbps/port
4-3
4-2
36cmx36cmx90cm
36cmx36cmx30.4cm 4K 1w 2



1/O port

2-stage GM cryocooler

40K shield o M
Magnetic shield

SFQMCMA” A

s

(b)

N

Probe head
L

Sample st
P ple stage

| - Flexible

thermal link

H— 2nd stage

Cryogenic
amplifier

| 0— 1<t stage

Vacuum chamber

4-2. ) (b)
4-1 RDK-408D
GM 2
Wa42K 2nd
31Wa40K 1
[kd] 18
[mm] H 557 x W 180 x L 294
[ ] 10,000
4-2. CSA-71A
ar
[kW] 6.5
[kd] 140
[mm] H 885 x W 550 x L 550

20,000

129
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4.6
v 44 ¢ S 1W
=40 |g WIT——
s 472
B 38 g |
T 36 [ £ |
o)
£34 18 -
328 |
w 3 = -C {
g 2_8 | (% OW L\
2 20| ow 40W 60W
~ 2.% o | | 1st stage heat load |
10 15 20 25 30 35 40 45 50 55 60
1st stage temperature [K]
4-3.
GM RDK-408D [103] CSA-71A [103]
4-2 55cmx55cmx=88.5cm 4-1 4-2
4-3
1st 2nd
40w 1w 1st 2nd 42K  4.2K
SFQ MCM 16mmx16mm 60mmx60mm
MCM MCM
2nd
4-2(b) MCM 2
40K
2nd
MCM
MCM
MCM
1st GaAs 6 Suzuki
[104] Suzuki 50K

40MHz 20GHz 30dB 10Gbps
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2mvV. Rz BER
[104] 1w 35mmx58.5mmx13.5mm
33
4K 2nd
1w 110
Wiedemann-Frantz 110
1/0
1ch 1/O 3
4-3 1st 1st 40W
2.2mm Cu
Cu 1st
1st
2nd 1w 1st 2nd
1.19mm
2nd 1st
2nd
2nd Cu
2nd 2nd
Cu
4-2 (b)
Cu
Cu 1.19mm
3
GND Ag
[95] Ag
4-3
4K 40K 50K 1/0
32 6 Time-Domain
Reflectometry; TDR 1st Cu

s SHF [105]
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4-3.1/0
° [mm]

300K — 1st $¢2.2mm Cu 300

1st — 2nd $1.19mm 300

2nd — MCM $1.29mm Cu 100

2
1/10
1/10 SFQ MCM 1/10 700mm MCM
400mm 2nd 110
1ch 25mw /10 32 2nd
1W ¥
MCM
SFQ MCM
32

44 * 44

SFQ MCM 32
4 8 8 CuMo
8 4K
BeCu 2 GND
MCM GSG
MCM SFQ MCM  Cu
CuMo 4 8 CuMo
MCM

open

32

35



133

'___‘. 1 R o ¢

* Individual adjuster |

Individual adjuster &3 SFQ MCM
PO (1.6m>< 1mm) '

Thermometer

" Cu sample stage ||

@ (b)

$1.19 um connector Flex cable

Probe head .[

SFQ MCM CuMo probe body

CuMo plate
Cu sample stage

©
4-4. (a) SFQ MCM (b)
(©
CuMo 230GPa
CuMo 7.7%
109K S MCM 4.0x 10K

4-4

4-4-1 1/0

10Gbps
110
110 S
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: - po i -_55
a A Signal 90
Probing pad B | 90

Sio, 0.8um
Si 600pum
(©
4-5, /0 @ (b)
(©) @ S G
GND
TDR NEC Nb
[31] 4-5 (a) MCM 16mmx16mm 16
500 MSL
4-5(b) 50Q
4-5 (c)
0.4um Nb 600um Si 0.8um SO,
w 2 GND d
100um 200um SiO, 0.8um
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SO, Si
Zepw  k=wi/d [99]

1 |uy K(K)
Zo = Fo 20 J 4-1
N Tew V& K(K) (4-1)

Mo & K(K) 1
k'=+/1-k? (4-2)
(4'1) Eeff 8|02
& 1
& +1
geff = r2 (4'3)
Si & 12 [106] (4-1) (4-3)
50Q w d w/d=0.447 4-5 (b)
w d
4-5 TDR 4-6 TDR
1/10 Y
40psec
/10 MSL 1 MSL /10
/0 /10
MSL
4-7 (a) 4-7 (a)
1/10
/10
4-7(@Q) TDR 4-7 (b) 4-7 (b) /0 /0
4 4 A B C D
1/10 4.3psec/mm [107]

TDR A D
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Step input (1V) / - 1/0O port
-
RT cable —— <« Reflection (open end)

50-K shield
Magnetic shield
50-Q
MSL chip

Tektronix = =
11801C digital sampling oscilloscope
with SD-24 TDR/Sampling head

<

(@)

4|—,7
@
Hermetic
A c | $1.19 mm Cryoprobe head
. V connector at RT . adapter at 4 K at4 K

4-6. (3) TDR (b)

C
(4 K micro adapter)

[N

Input step signal @ Reflection at open end .

(vertical: 400 mV/div) (horizontal: 5 ns/div) (vertical: 20 mV/div) (horizontal: 2 ns/div)

€Y (b)
4-7.(a) TDR (b)
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Flexible co-axial cables

110 port\

50-K shield

= Magnetic shield ==

Portl Port2

50-Q MSL chip

Agilent 8722ES

Vector Network Analyzer

4-8. /0 S

S21 [dB]

0 5 10 15 20 25 30 35 40

Frequency [GHZ]
4-9. 110 21
46 A D 110 \Y 1st \ 2nd
$1.19mm
4
+ 5% 110 1/0
500+ 5.3Q [108]
1/0 S 4-8 4-5
1/0 -1/0 - 50Q MSL
1/0 - 110 S
Vector Network Analyzer; VNA 4-9 S21
S21 110 4K 500 MSL 110
S21 1/0 49 S21
110 3dB 23GHz
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10Gbps RZ 3 30GHz
110 23GHz 4-9
s21 30GHz 110 3.3dB 3dB
3dB 50% 3.3dB 53%
110 10Gbps  RZ
MCM  1/0 MCM 500 MSL
500 MSL 500 MSL
4-10(a) 50QMSL 1.5um
30um 4-10 (3) MSL
MSL 500 MSL 1.5um

50-Q MSL InSn bump on $30 um bonding pad

@

4-10. (a) MSL (b) CPW (b) w=30um d=66.6um



15-mm-long MSL  15-mm-long MSL
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15-mm-long MSL MSL PAD

0O 00 00 O0OO0COOOO O

CPW PAD MSL PAD 0o 00 000O0ODOCODOO
0O 00O 0O O0OOOU®©OOOO O O
D
=0 o
é”a’: B
s3]
HIE
ESlz 2 15-mm-long MSL CPW PAD
© 0O QA O 0O 0O 0O O O OOCODOOO®OOOO
:-: = 1 o’ "cn"oc‘n"r)""‘f.voooor"t:u1'.~°1'.~‘."t:aaoe"ﬁ“ﬁc’oﬂ%ﬂ'll
5mm
4-11. CPW MSL
20
GND
CcPW
4-10 (b) cPW 4-5 (c)
Si 50Q w d
MSL 410(@) CPW
4-10 (b) MCM NEC Nb
[31] 4-11
15mm  50Q MSL 6mm 50Q MSL 2 2
MSL 1 MSL 1 cPwW
4-11 5mmx5mm
16mmx16mm MCM 30um  InSn
4-12
4-8 MSL 2 /10 21
4-13 (a) 15mm  MSL MSL
MSL 4GHz 5GHz 4GHz
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15-mm-long
50-Q MSL
5mm x 5mm chip
MSL bonding pad
16 mm x 16 mm MCM carrier

4-12. CPW MSL
MCM
15mm MSL
0 i 0
-2 -2
4 | 4 L
— -6 L —_ -6
n .8 o -8 t+
=10 [ 210 |
% -12 § %-12 r
-14 | [——cpw Pad -14 - | —cPw Pad
-16 || sl pad -16 —MSL Pad
-18 | -18 |
_20 --------------------------------------- _20 P L P S T Y S S S S I R
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
f [GHZ] f[GHZ]
@ (b)
4-13. CPW 500 1/10 MSL
500 1/10 S21 500
MSL (a) 15mm (b) 6mm
5GHz 15mm MSL 4GHz MSL
2 MSL 8.6psec/mm
MSL
4-13 (b) 6mm MSL MSL
MSL MSL MSL 10GHz

11GHz 12GHz S21

CPW



MSL 15mm
cPwW
4-4-2
4-4
SFQ
K SFQ
15mm  50Q MSL
30um  InSn
36
21 T
4-14
5
34K 2nd 3.7K
4K 4-3
4-15 SFQ 5002 MSL
T
40K 10K S21
8K
VNA
10K 8K
Nb

10K 8K

36
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6mm
1/0 50Q
S
5mmx 5mm 16mmx 16mm MCM
GND 636
= 15umx 15umx 636=0.45mm?
2 1/0
VNA
t
t
4.2K
1st
3.9K
2nd 1w
2 1/0 s21
4-15
9K
9K Nb
9K [109]
4-14 (c)
Nb
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300
250
200
150
100

50

4-14.
@

200sec/K

[110]

SFQ

* st 50 o 1st
x 2nd 45 | x 2nd
: * 40 | *
X 35 ¢
. X3 |-
b3 25 |
20 *
s o 4.2K
>% * o0 5 : "’v /
Il w..\&..iw‘di.ww. 0 L T TR S N |x|I
100 200 300 400 200 220 240 260 280
[ ]
@ (b)
20 o 1st
18 L x 2nd
16 b
—14 -2K/min
X 12
10
8 ................................ . 4.2K
6 | v
4 =
2 r \
0 I L T R R N R N1 TR N |
218 220 222 224 226 228
[ ]
(©)
1st 2nd
(b) 4K (© Nb
-2K/min Nagasawa
0
[110]
30sec/K
Nagasawa 40sec/K
Gupta
200mK  300mK
[99]
mK

SFQ

SFQ



4-15.MCM
4-5
BER
4-5-1
svD

S21[dB]

— 40K
}\ — 20K

-

| A 'MAI)(\/W
“ WWWMMWW‘WM |
-100 1
0 5 10 15 20 25 30
f[GHZ]
2nd

Gupta
[99]

Superconductor Voltage Driver; SVD

JTL-SQUID

143

35 40
500 MSL  S21
[111]
SFQ SFQ
SFQ
[101], [112]-[115]
[112], [113] JTL  SQUID

[114], [115] RS
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RS flip-flop; RSFF SQUID RSFF-SQUID
[101] 3 SQUID
SFQ SFQ
JTL-SQUID DC
SQUID JTL JIL SFQ
SQUID RSFF-SQUID
DC SQUID RSFF
RSFF SQUID
3 SVD AC 1
10Gbps
AC
2 SVD DC
1
SQUID
DC 2 SVD RSFF-SQUID SQUID DC
JTL-SQUID SQUID SVD
Jo=2.5kA/cm?
10Gbps 6mvV [112] BER  5Gbps
10" 10Gbps  10° [112] JTL-SQUID HYPRES
Jc=2.5kA/cm? 24 SQUID SvD
10Gbps 1kHz amV  1Gbps 3mV 8Ghbps
2mv [114] HYPRES  Jo=1kA/cm?
JTL-SQUID SYD BER  1Gbps 10™ 7Gbps 1072 [115]
RSFF-SQUID Jo=1kA/cm? 10Gbps
10Gbps NRZ  1.2mV [101]
SVD
10mv
4-3 SvD
10Gbps BER 2mV Rz
DC SVD
DC SVD
DC SVD

RSFF-SQUID  SVD
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4-5-2
GaAs 50K
2mV. RZ 10Gbps BER [104]
50Q 2mv RZ SvD
4-16 SvD SvD 16 2 SQUID
WSPL BUF RSFF WSPL 2 1:16
BUF lc CONNECT JTL 0.2mA
WSPL WSPL I RSFF SQUID DC
SQUID RSFF SVD st
reset 2 set SvD set WSPL
16 SFQ 16 BUF 16 RSFF
set reset SvD reset WSPL
16 SFQ 16 BUF 16 RSFF
reset SVD st 16 RSFF
16 SQUID SvD 16
SQUID SVD  reset 16
RSFF SQUID
SvD 0 SVD st
reset
4-17 SvD RSFF  SQUID
SvD SQUID ¢
SvD

SPL bias BUF bias FF bias SQUID bias

4-16. SVD
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RSFF bias SQU})D bias
R2 | B 6 Js1
et 45 f04 018 024 0.1
r +Q
L3 L4 L5 LS1
1.4 1.8 6.2
11.0§ P—— ) L
11 L2 29 13 LS2
o 1.3 17 022026 6.2
——4
R1 xJ1 R3 JS2
45 104 13 01 ]
RSFF bias RSFF bias 0 nextQUID
4-17. SVD RSFF  SQUID
SVD n SQUID
SQUID I-V 1-3 (b) s lc
Ry R
Be R ¢
a
Ry =— (4-4)
lC
a SQUID ¢
le SQUID SQUID (4-4)
SQUID Ic Ig RSFF
SQUID Ic g SQUID
Vv
V:IBx(nRO):(bIC)x(nIiJ:nab (4-5)
C



lc
lc
SQUID ¢ Ic
SvD
n SQUID R,
Ry
R - NRyR. nR,
nR, + R, n+&
Ry
R
bl .NR bl .NR
VZIBR:L:bICR:L: CnL: CnL — b
R, I.R, 1 1
n+— n+—— ——+—
R a IR an
4-8 R.
|c RL a
4-8
R
b SVvD
b
SvD 2mvV
SQUID  I¢
SQUID ¢ SvD
ch  SvD
SvD
[37]
Tpmx 1pm SvD

147

(4-6)
45
\%
R 500
ls
(4-7)
\%
(4-8)
b I
n SQUID
SvD \%
SQUID n
a Ic
V.  SQUID ¢
\% Ic
R 500
SQUID
1c=0.1mA
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1.5um 0.5um [37]
lpum 0.3um SvD
SVD lc  SQUID 2mv 10Gbps
Je=10kA/cm? Jo SVD
R  IcR=0.88mV

-V 3 3-23
pc 1 Jc fc (4-4) a
(4-8) SvD
SvD CONNECT
Chang [59]
1/2 SvD
RSFF  SQUID
L5 LS1 LS2 GND
[95] RSFF L5 CoOu SQUID LS1 LS2 CTL
4-16 WSPL 1:2 1:2
CONNECT
WSPL Ilc 0.2mA 4-17 RSFF
Ilc 0.4mA WSPL Ilc 2 WSPL
BUF WSPL RSFF BUF
Ic JTL 4-18 6 Ic
Ic J2 4-4 SvD
SvD 50Q SvD 1st
GaAs 50Q SvD
bias bias bias

din dout
LPIN11 ni LPIN31

LPIN21
21
0001 3

0001 (%8

4-18.SVD BUF
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4-4. SVD
[mA] [uW]
WSPL 126 134 335
BUF 192 35.0 875
RSFF 96 20.4 51.0
SQUID 32 0.16 0.4
SVvD 446 69.0 172.4
SVD
SVD 4-19 SVvD
SVvD
BER (4-8)
4-19 SVD
(4-8) SVD R RentZ Z MSL
50Q 4-19 SvD SQUID
V (4-8) R RamtZ
b b
V= = 4-9
1 1 1 1 (4-9)
- - - + -
LR an I.(R,,+2Z) an
DC
V R'(erm VMSL Z
)
R (=2)

S s_@_

S

4‘19 R[erm
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7=500 Rerm SVD
Vv SQUID 4-19
50Q MSL Via Rierm Vis.
Vg = Z y-_ % b = bz (4-10)
Rterm+z Rterm+z l l Rterm+Z

(4-10) MSL Z 500
Reerm 500 MSL Vg
Rterm
4-41  TDR CPW s21
SVD
SVD SVD
4-5-3
SVD SVD RSFF  SQUID
SVD RSFF SQUID

420 (8  SQUID
420 ()  RSFF
4-20 ()  RSFF

20mV/div 50mV/div 50mV/div 200mV/div 50mV/div 200mV/div

€Y (b) (©)
4-20. (8) SQUID
(b) RSFF
() RSFF SQUID
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5002

31 um

SQUID
SQUID 14.0pH RSFF
10.9pH RSFF SQUID 5.75pH RSFF
SQUID 0.46
SvD  10kHz 4-21 SVvD
4-22 4-23 SVvD  50Q
SQUID 4-23 SVvD
5002 SvD
2.5mv SvD  10kHz
2mV
WSPL bias BUF bias RSFF bias
ID bias
RSFF bias QUID bias
reset
set 550 um
reset
Set
40 um
450 pm
@ (b)
4-21. (a) SVD (b) RSFF SQUID

FF bias

BUF bias

WSPL bias
40 -30 -20 -10 O 10 20 30 40

Bias [%]
4-22. 10kHz SvD
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01 015 02 025 03 035 04 045 05
SQUID Bias[mA]

4-23.SVD 10kHz  50Q SQUID
4-6 SFQ 1 Gbp
SFQ
4-24 DC/SFQ NRZ/SFQ JTL
SVD NRZ/SFQ NRZ High
SFQ NRZ Low
4-24 591 90mA
225,W
DC
dk_in DC/SFQ SFQ NRZ

SPL bias BUF bias FF bias SQUID bias

TS N 2

e _A_ A BUF B{RSFE
_ N BUF P RSFF
dat_in 0qNRz/SFQ —] © i JWSPL] e ° o
ok ino{ s A 25 o
SVD :
4-24. SFQ D/S NRZ/SFQ

DC/SFQ NRZ/SFQ T 50psec
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dat in NRZ/SFQ SFQ NRZ/SFQ
NRZ/SFQ SFQ SFQ
2 SVD  set SVD  reset
reset 50ps 28 JTL
Set reset SvD  WSPL 16 SFQ
BUF 16 RSFF 717
NRzZ RSFF LO2S SvD
RSFF  set 50psec RSFF  reset
RSFF SvD SvD
50psec 10Gbps SvD 50%
Rz ”0” NRZ
NRZ/SFQ SFQ SVD
4-24 5mmx5mm NEC Nb I
Je 10kA/cm? 4-25
16mmx16mm MCM 30um  InSn
4-26 MCM NEC Nb
Nb  GND 2 Nb
InSn [92], [93] Au/Pd/Ti
Au Pd Ti 50nm 100nm 200nm
1/0 500 CPW 4-10 (b)
MSL 4-10 (a)
out
1B
3
dat_in ||
clk in
4-25. SFQ @ (b)
D/S NRZ/SFQ SPL BUF RSFF SQ DC/SFQ NRZ/SFQ
SQUID r  50psec

RS
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Test circuit

$30um bump

5mmx 5mm chip

16mmx 16mm MCM carrier

4-26.
4-26 4-27
4-28
4-29 Pulse-Pattern Generator; PPG
4-30 NRZ NRZ/SFQ SFQ
SvD RZ 1st 40K GaAs
50mvV 12.5Gbps
PPG SVD SQUID SQUID
1.4mA 50mV
3.85K
SFQ BER 4-31
BER 4-32 PPG 10Gbps 2%2.1
Pseudo-Random Bit Sequence; PRBS SFQ
Error Detector; ED BER
40kHz 38GHz 26dB
v 50mV ED
70mV BER

4-32 BER 4-29
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4-27. 3
1
Cryocooled system
10-Gbps datai 10-Gbps out
Cha -PS 3] ps datain N o p >
PPG 10-GHz clock ModSIe DSO
-GHz cloc
Clk outl ﬂ > =
1/32 Clk out
Anritsu : ; 4 Tektronix
MP1758A 10-Gbps data monitor 11801C
10-GHz clock monitor :
S A
4-28. SFQ
BER 50cm 4-33  10Ghbps
BER SQUID 4-33 (a) Omission Insertion
Total BER s 4-33 (b) Totaa BER SVD
SQUID BER SQUID
% Omission "1 "o
"1 ok Omission
Insertion "o "1

B vl Insertion
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MP1758A

4-29. SFQ

o

o0 D AL 0 3L

Y

11010100

1203110304131 50251

11010100

4-30. SFQ
set reset 50psec
200psec 50% 12.5Gbps

50%

™ Tektronix
2y 11801C

12.5 Gbps

‘ nﬂ.nl' VWY V‘ 'I“UPi fﬂﬁ A iy "dlir ] 'v’ 11; U ‘J ii‘ uJ

uuu Mm ”LJ‘““

11 Ol 01.00

20 mV/div

200 ps/div

SVD RSFF
5Gbps
80psec



Cryocooled system
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10-Gbps datain 10-Gbps out
CH4 AMP ]
SFQ
PPG ED
10-GHz clock Module
Clk out 1
Clk out 2 _I
Anritsu 10-GHz clock ADVANTEST
MP1758A D3286
4-31. SFQ BER
SHF806P-4508
40kHz~38GHz, 26dB 40GHz, 500m
4-32. SFQ BER
Omission 4-33 (b) BER
SvD BER 10% SQUID
Omission  Insertion 10"
BER SQUID 1.4mA+4.3% BER ED
12Gbps 4-34  12Gbps BER  SQUID
12Gbps BER 107
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10° 100
10 102
104 104 |
108 m 108
1010 —BER (total) 1010
1012 + BER (omission)
x BER (insertion) 1012
1014 At A e a—
10»14 ! ! ! ! I I I I L
1 11 12 13 14 15 16 17 18 19 2 1 11 12 13 14 15 16 1.7 1.8 1.9 2
SQUID bias[mA] SQUID hias[mA]
@ (b)
4-33. 10Gbps SFQ BER SQUID
Omission Insertion Total BER (b) Tota BER SvD
100 faaan'™ PRI
%, $
10_2 S -
»
104 v ¢
6 0. ’0
f 10 :
@ 108 o
-10 .o ..0,’
10 oot + 10 Gbps
1012 Lo + 12 Gbps
10-14 L
1l 11 12 13 14 15 16 17 18 19 2
SQUID bias[mA]
4-34. 12Gbps SFQ BER
SFQ
SFQ
4-7
SFQ
10Gbps/chx 32ch /O
SFQ MCM 2 40K GaAs
32 32 /10 4K 1W 2 GM

N w g ul D
o o (@) o
SVD output [mV]

=
o

0

@
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SFQ 32ch 110
S 110 23GHz RSFF-SQUID
SVD  Jc=10kA/cm? SVD SFQ
12.5Gbps MCM
SFQ 10Gbps
BER 10Gbps <10% 12Gbps <10™
SVD  SFQ
SFQ ch SvVD SVD ch
BER 5
SFQ
4K SFQ 10Gbps
2nd 1w
110
110
320Gbps
110 6
SFQ
MCM SFQ
SFQ SFQ
SFQ SFQ
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5 2x2
SFQ PTL SFQ
Superconductor Voltage Driver; SVD
2 4 2x 2
40Gbps SFQ
40Gbps SFQ [116], [117]
51 2x 2
40Gbps SFQ 2x 2
2x 2 2% 2
40Gbps
I/O0  1ch 10Gbps SFQ 1ch
40Gbps
/10 SFQ 40Gbps
4:1MUX 14DEMUX SFQ SFQ
5-1 2% 2 MCM
4K 2x2 MCM 2x2
8ch SVD MCM
2 40Gbps 10Gbps/chx 4ch NRZ 10mv
NRZ SFQ 4:1 MUX
40Gbps 40Gbps
40Gbps 1.4
DEMUX 10Gbps/chx 4ch SFQ
SvD SvD 8h SVD 2mvV. RZ
40K 50mV  RZ
40Gbps BER

Jc=10kA/cm?
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“bar 8
- O~ R) O H AMPED*
in0{ = (& R) O DAMPQZ}] out0
P mmn = = 'o% R) O O AMPEL;
a O R) LO Hampkro+
clock €
) O~ R) O O AMPED*
. a O] R) O HAMPHEO>
"= et e ) o DAMm]"““
) )- LO~ R) O HAMPHFIDO>
core
SFQ 2x 2 switch chip 8-ch SVD chip
Superconductive MCM carrier
SFQ 2x 2 switch MCM”~ 4K = 40K RT
(~300K)
10Gbps 40Gbps 10Gbps
Datarate |l it parallel serial 4bit parallel
Signal form [|10mV NRZ SFQ pulse 2mV RZ | 50mV RZ
Line impedance 50Q 40 50Q
5-1.2x 2 MUX DEMUX VDL D R SvD AMP
SFQ
SFQ
52 2x 2 MCM
5-2-12x 2
[49] Jc=10kA/cm? CONNECT
[49] 14 3 R 1cR=0.88mV
5-2-1-1 41 MUX 1.4 DEMUX
5-2 4:1 MUX MUX 3 T T flip-flop; TFF
1/4 4 NRZ/SFQ NRZ-to-SFQ Converter; NRZ/SFQ
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inl
(10-Gbps NRZ)

TFR

in3 ﬁ c3
(10-Gbps NRz) O INRZ/SFOQ

clock out

T

clock in

TFF
(40-GHz sine) DC/SF >>
in4
(10-Gbps NRz) O—NRZ/SFQ
c4
TFRg
in2

(10-Gbps NRZz) O

5-2. 41 MUX

B

> (40-GHz SFQ pulse)

data out
(40-Gbps SFQ pulse)

40GHz

Confluence Buffer; CB NRZ/SFQ
NRZ high” SFQ SFQ
NRZ ”low” SFQ
MUX
DC 40GHz DC/SFQ
25psec SFQ SFQ 40GHz
40GHz SFQ 2
10GHz cl c4 4 NRZ/SFQ
72 10Gbps NRZz inl in4
NRZ/SFQ NRZ high”
SFQ ”1”  SFQ NRZ “low”
”0”  SFQ
4 NRZ/SFQ NRZ/SFQ
72 10Gbps CB 40Gbps
4:1 MUX 40GHz
5-3(8 1:4DEMUX DEMUX [118]-[120]
DEMUX 3 TFF va
D2 flip-flop; D2FF [121] 5-3 (b) D2FF
D2FF »0” »1” »1” cl c2
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clly p outl
\Y :
FE| _ —O (10-Gbps SFQ pulse)
e D2FF_ 4 out3
jc13 (10-Gbps SFQ pulse)
COll a o1
clockin o—» FF D;/FF out
(40-GHz SFQ pulse) | A outo2
data in o— 1c02
(40-Gbps SFQ pulse) €
l‘314 out4
\Y -
TFF| U —O (10-Gbps SFQ pulse)
> D%FF—O out2
c12 C (10-Gbps SFQ pulse)
@
‘ Symbol of D2FF ‘ ‘ State diagram of D2FF ‘
cl din
F QD CD:
din — in
D%'\:F — out2 c2
. cl/outl
c2/out2
(b)
5-3.(a) 1.4 DEMUX (b) D2FF
outl out2 D2FF 71 ”0”
”0” cl c2 outl out2
’,0‘” ‘)90’, ‘)90‘”
din ‘)91’, ‘)91’, din ‘)91‘”
5-3 (@ DEMUX 3 TFF
D2FF 5-3(@ a D2FF V4 2
20GHz c0l c02 2 D2FF 53@ b c
D2FF 2 4 10GHz cll cl12 cl3 cl4
D2FF 40Gbps out0Ol out02
T 20Ghbps 2 D2FF 53@ b
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D2FF 20Ghbps outl out3 Vs
10Gbps 2bit 2 D2FF 53(@ ¢
D2FF 20Gbps out2 out4 Vs
10Gbps 2hit 53@ b c¢ D2FF
20Gbps Vs 25psec outl
out4 25psec 10Gbps 40Gbps
datain 72 10Gbps/chx 4ch outl
out4
DEMUX D2FF 2 JiL 3 JTL
1 2.2psec
DEMUX
2 D2FF 53@ b ¢ cll cl4
10psec D2FF DEMUX
D2FF DEMUX 2x 2
5-2-1-3
MUX  DEMUX TFF  CONNECT [49] RTFFB
Jc=10kA/cm? RTFFB  reset
»0” reset MUX DEMUX
4.1 MUX 281 36.4mA o1uw
1. 4DEMUX 245 20.0mA 50uW
5-2-1-2 2x 2
2x2 5-4 (a) Non-Destructive Readout
Register; NDRO CB 5-4(b) NDRO NDRO »0”
»1” »0” set »1” »0” reset
»0” »1” reset »0” »1”
set ”1” ”1” din out din
»1” »0” din out
»0” 5-4 (a)
2 2 Cross
bar Cross 54(@ a b NDRO ”1”
2 NDRO »0” in0 outl
inl  outO bar 54(@ ¢ d
NDRO »1” 2 NDRO »0” in0
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in0 ——

inl——

| Symbol of NDRO |

set reset

s r
din —NDRO}— OUt

5-4.(a) 2x 2
outO inl
5-2-1-3 2x 2

55 2x 2
1:4 DEMUX
MUX 40Gbps

@

State diagram of NDRO

set

NeOJOdES

reset set
reset

(b)
(b) NDRO
outl NDRO
2% 2 2% 2 4:1 MUX
10Gbps 4bit in0inl

40Gbps DEMUX 10Gbps  4bit
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in0_1

in0_2
out0
in0_3

in0_4

Cross

clock
RTFFB reset

bar

inl1_1

inl_2
outl
inl_3

inl_4

—out0_1

—out0_2

— out0

1:4 DEMUX

—out0_3

—out0_4

1.5-mm long, 4-Q MSL

2x2
D2FF 53 (a)

0.1psec

MUX  DEMUX

DC

5-5.2x 2
D2FF
40GHz
40Hz
DEMUX
1.5mm
MSL
JTL
VDL

| out1 1 |
5 |—outl_2
z — outl
a
b —outl 3
—outl 4 )
DEMUX
D2FF 2 20GHz
D2FF  setup hold
+ 10psec
SFQ
D2FF
2x2
MSL 5-5
5-5 VDL



167

VDL 32 VDL DC 45mA 52mA
+ 12.5psec 40GHz
VDL DEMUX
D2FF 40GHz 11psec
5-2-2 8ch
Superconductor Voltage Driver; SVD SFQ
2x 2
8ch SFQ 10Gbps/chx 8ch 4
SvD 8 1 5-6 8chSVD 8ch
SVD 1 SvD
5-7 4 SvD BUF 4-18
6 2 SVD 1ch
29% 13% 38% SVD 1ch
318 402umx522um 43.0mA 108uW 5-1
SVD Rz SVD RSFF reset
4 SvD SvD 50psec
JTL SvD reset 10Gbps
50% RZ 10kHz
SvD reset
SvD 10Gbps SYD BER SVD
reset
SvD BER
SvD 16 SQUID 4
4-16 8 DC
50Q
400Q 7

1 SQUID 5%
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outl out2 out3 out4

SVD reset

din5 < -
ain6 —{ FI.T;I
an7 - HRl
"
dn8 DLTI
T aerivl e (el
SVD SVD SVvD SVD
031‘8 0$t7 031‘6 aL1/t5
1 4nwMmSL On-chip pulse driver [ On-chip pulse receiver Chip-to-chip pulse receiver
- JTL K splitter H crossing JTL
5-6. 8ch SVD
bias
R1
8.93 L1 L2 L3
2.588 4.436 1.848
5-7. mA
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5-1. SVD 1ch
[MmA] [uW]
WSPL 126 134 335
BUF 64 9.0 22.4
RSFF 96 20.4 51.0
SQUID 32 0.16 0.4
SvD 318 (-29%) 43.0 (-38%) 108 (-38%)
a 4 SvD
5-2-3 2x 2 MCM
5-2-1 2x 2 5-2-2 8ch SVD 2x 2 MCM
MCM
5-2-3-1 2x 2 MCM
32 MCM
5-8 2x 2 MCM
8 10Gbpsx 4 x 2
8 10Gbpsx 4 x 2 1 2 Cross
bar MUX DEMUX RTFFB reset 1 SVD RSFF reset 1
21 11 2x 2
MCM 100mA
(73], [74]
SFQ GND
2
2x 2 DC/SFQ NRZ/SFQ 2x 2
SFQ 212mA
1
2
4 2 VDL
4.8mA 1 SvD
DC/SFQ WSPL BUF SFQ
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X03 X04 X05 X06 X07 X08
VDL_U -SW_u SW U RTFFB BODY - BODY
4.8mA -106mA 106mA  reset 221mA -221mA
pos
X02 in0_3 (O] RS- [ ] outO_1 Y11
X01 in0_1 % R >\ outd_ 3 Y12
Y01 in0_2 N RO out0_4 Y13
Y02 in0_4 z RO 2| out0_2 Y14
— LL
Y03 cross E % g
Y04 RTFFB reset & | | & Q
Y05 clock ) g )
Y06 bar = <
Y07 inl_4 O] R *® outl 2 Y15
Y08 in1_2 @ R 3 outl 4 Y16
X11 inl 1 ’n\:‘ R outl_ 3 Y17
X12 inl_3 | Z R |1 outl 1 Y18
2X2 8ch SVD
MCM N
-SW_L SW_L RSFF - RSFF
-106mA 106mA 142mA -142mA
X13 X14 X15 X16 X17 X18
5-8.2x 2 MCM X01 X08 X11 X18 Y01 Y08
Y11 Y18 /O SW_U,-SW U SW_L,
-SW L BODY, -BODY RSFF, -RSFF
221mA 2 5-8
BODY -BODY * RSFF SQUID SvD
RSFF 142mA 2
SQUID 1.3mA 1
5-2-3-2 2x 2 MCM
MCM  40GHz
59 MCM MCM
MSL SFQ /O MSL
% 40Gbps SVD 10Gbps
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500
MCM MSL SFQ MSL 40
3 SFQ
DC/SFQ NRZ/SFQ 500 DC/SFQ
NRZ/SFQ 500 SvD
50Q MSL 1st GaAs
50Q SvD
SvD SvD
SvD MSL
BER
SvD SvD
Coplanar bonding pad MSL bonding pad
GND plane hole  Solder bump on ¢50-um bonding pad
® © @\soum@ o)
5 O
@ 50 Q MSI;0 o . 4-Q MSL
l'_ (1.5-um wide) “—(17-um wide)
w=50 um, d=111 pm
Cryoprobe head
(coplanar) $1.18-mm
50-Q co-axial

$50-um bump

/SWItCh chip
/ MCM carner\ \ ......

J — SVD chlp\AJ

DC/SFQ, NRZ/SFQ
(with 50-Q input resister)

DRV 4-Q MSL

it / \ /

/ REC SVD 50-Q MSL

50-Q MSL
© (1.5-um wide)

Coplanar probing pad

5-9. MCM
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50 MSL

BAS

MCM 40 MSL

502 MSL
CPW

MCM

SFQ 40

5-2-3-3 2x 2 MCM

5-2-3-1

5-2-1 2x 2
4 MSL
5-2-2 8ch SVD 5-6
40 MSL

16mmx 16mm InSn
32

SFQ 40 MSL
MCM 1 40GHz

BAS

1.5um COU 4Q MSL 17um

50um MCM
50pum

5-9 2
4Q MSL
MSL MSL
50Q MSL 50Q MSL
SFQ 110
CPW
50Q
4 32
50Q MCM
50Q
SFQ MCM
5-2-3-2
MCM 5-10
5mmx 5mm
5-5 3 SFQ
SvD 5mmx 5mm
3 SFQ

SvD InSn

MCM

50um
SvD
20 10Gbps 16
MCM
50pum

SvD 100mA
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CPW bonding pad MSL bonding pad CPW bonding pad
50-Q Input MSL 50-Q output MSL /

5mm 5mm

@ (b)

MSL CPW

16 mm

(©

5-10. (@) 2x 2 (b) 8ch SVD (©) MCM
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5-2.2x 2 MCM
[MmA] [mW]
2% 2 1,560 205 0.5
SvD 2,930 377 1.0
2% 2 MCM 4,490 582 15
50um BAS VDL 20um cou
SQUID 10um BAS
MOAT
10Gbps/chx 8ch SFQ
MCM 4Q MSL SvD
SvD MSL
MSL 15.2mm 130psec 3.8GHz SFQ
80Ghbps
GND
GND 372
26 SVD 22
SvD MCM InSn
Ti/Pd/Au InSn Au
MCM
3um
5-2 1,560 205mA
0.5mwW SvD 2,930 377mA
1.0mwW MCM 4,490 582mA
1.5mwW
53 2x 2 MCM
2% 2 MCM NEC Nb I [37 I
10kA/cm? 5-10 2x 2 8ch SVD MCM
[92], [93] 50um  InSn
MCM InSn

MCM
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MCM
80 MCM
MCM InSn InSn MCM
InSn
MCM 2x2
8ch SVD 2%x 2 MCM
MCM 10kHz
MCM
5-11
2% 2 MCM
#1 #12 12 MCM #5 #12 8
4 #4
2% 2 A MCM
I
5-11. 2x 2
MCM
#1 -12.5% 51 #1 -10.7H:|-z.5 #1 34 ] Bo
#2 1y 210 g2 | 101 02 #2 76| 25
#3 3| 142 #3 —14.2\_'7J3.6 #3 42| 23.9
3 20 10 0 10 20 30 -3 -2 -0 0 10 2 3 -3 -20 -0 0 10 20 3
BODY Bias [%] RSFF Bias [%] SW Bias[%]
@ (b) (©
5-12.2x 2 MCM () BODY (b) RSFF

(c)2x 2
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SvD reset 3
#2 #3 1ch SvD 7ch
bit #1 5-12 7ch
5-12 #2 #3 ch6
7hit 5-12 (@) (b) (c) BODY
RSFF 2x 2
4 MCM
MCM #4
GND
#4
5-4 2x 2
5-4-1 2x 2 4 Gb p
2% 2 MCM 5-13 4K
5-14
Synthesized Signal Generator; SG 40GHz
T 40GHz MCM
40GHz 4:1 MUX+E/O®*  40GHz 4:1
MUX+E/O 40GHz 10GHz 10GHz
4CH Pulse-Pattern Generator; PPG 4:1
MUX+E/O 40GHz 1/4
40GHz SG 10GHz PPG 40Gbps 10Gbps/chx 4ch
% 41MUX E/O Anritsu 1806A T/ch 4ch
4:1 MUX aT

4T

4T

40GHz

4T
40Gbps 14

10GHz



SVD chip
(flipped)

SFQ
2X2 switch
MCM

5-13.

MUX+E/O
Anritsu MP1806A

Switch chip

(flipped)

y Magnetic
shields
(lower halves)

10G clkout o
40G clkin od—

40G out o
SG DC-:;

Anritsu MG3695B

23dB

!
pi

40GHz clk

*

5-14.2x 2

$1.18 um
flexible
cable
Cryoprobe
2x 2 MCM
4CH PPG
Anritsu MP1758A
. 4ch 2ch
1gG clkin 10G datout* 10G clkout**
— N M < Q Q
10G/320ut 5658 O3 0O
Q 0000 o
MENEMEM nEm
S EIE R
SEAEAE RS <<
DC
a
Q
z
3
— U) . Bl .
S ¢ 8 ' 28
=2 5 I 290
= ©
= 9 E
=
hd
SG PPG

177
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cross bar 4CH PPG MCM
140psec DC 40GHz PPG 10GHz
32 312.5MHz
cross  bar bar Cross
cross  bar T
1.6nsec PPG 2
10GHz CLK1 CLK2 SVD  reset RTFFB  reset
MCM SVD  reset
SvD BER
RTFFB  reset 40GHz
PPG CLK delay PPG
RTFFB  reset 40GHz RTFFB
RTFFB PPG
PPG CLK delay CLK1 CLK2
CH1 CH4 32 40GHz
CH1 CH4 10Gbps
RTFFB  reset BER
CH1 CH4
DC
100Q 1kQ 10nF
5-15
40Gbps
5-3 4K 2nd
1w 10mK
5-16 40Gbps PPG  4ch in0
in01 in0 4 4ch inl inl1 inl 4 4ch
5-16 (a) bar SFQ
40Gbps in0 10Gbps/chx 4ch ch bit 11bit
out0 40Gbps
10Gbps/chx 4ch Cross SFQ

40Gbps in0 10Gbps/chx 4ch



e

=
=
b

Digital sampling
oscilloscope

Tektronix 11801C -

SFQ 2X2 switch system

179

Synthesizer
Anritsu MG3695A

Pulse pattern generator
Anritsu MP1758A

. (Switch MCM is packaged and cooled with a cryocooler)

5-15.2x 2
5-3.
[K]
1st 57.44
2nd 313 318
4K 5.27 5.29
3.76 3.77
outl
40Gbps 10Gbps/chx 4ch 40Gps
MCM
bar Cross
bar Cross DC/ISFQ SFQ 1
SFQ 40GHz
DC/SFQ NRZ
NRZ/SFQ SFQ 4:1 MUX bit  44bit  40Gbps
in0
outO outl 1:4 DEMUX 10Gbps/chx 4ch



180

SFQ SFQ
SvD SvD SFQ
1st GaAs
5-16 (b) inl  40Gbps
47Gbps 5-17  47Gbps
47Gbps SFQ
47GHz

40GHz

1.36nsec
MUX+E/O 1/4

5-4 10Gbps 20Gbps 40Gbps 47Gbps

5-5
5-5 54

MCM

in0



40-GHz clock

bar

Cross raw

in0
(40-Gbps NRZ)

out0
(40-Gbps R2)

outl
(40-Gbps R2)

5-16.2x 2

47-GHz clock

bar

__W
Cross
|
P
|
A
] _ A
AL A
[ MANL ol AN
-rvd A,
I (o)
T AL
A MAMAN,
M I,
<—o00ps
€Y
40Gbps

CroSS iy ~~—— " co——

¢

in0
(47-Gbps NRZ)

out0
(47-Gbps R2)

outl
(47-Gbps R2)

5-17.2x 2

T
| +
AR
AJARA JMAA_
l. PN MAN
- MMM
r N
(Y —
2 JAMA
+—=500ps
@

47Gbps

ha¥
40-GHz clock 1%
N
bar l bar
cross B —— e

inl
(40-Gbps NRZ)

out0
(40-Gbps R2)

outl
(40-Gbps R2)

47-GHz clock

bar

CrosSs |

inl
(47-Gbps NRZ)

out0
(47-Gbps R2)

outl
(47-Gbps R2)

,

|7

\

,

\

,

|7

(b)

[ B
e

#div)

3

3¢

g
IR

(@) in0

(b) inl

181
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5-4.2x 2
10Gbps 20Gbps 40Gbps 47Gbps

SQUID bias[mA] 1.15 117 114 1.22
VDL_U bias[mA] 2.71 3.40 2.85 3.04
VDL_L bias[mA] 2.73 357 3.47 3.63
SW_U bias[mA] 99 97 102 103
SW_L bias[mA] 96 107 105 108
BODY hias[mA] 296 299 300 285
FF bias [mA] 94 95 93 95
DATVpp[V] |CH1 0.8 0.8 0.8 0.8

CH2 0.8 0.8 0.8 0.8

CH3 0.8 0.8 0.8 0.8

CH4 0.8 0.8 0.8 0.8
DAT offset [V] | CH1 0 0 0 0

CH2 0 0 0 0

CH3 0 0 0 0

CH4 0 0 0 0
PPG clock delay [ps] -24 -108 -34 -88
RTFFB reset Vpp [V] 14 14 14 1.8
RTFFB reset Offset [V] -0.1 -0.1 -0.1 -0.1
SVD reset Vpp [V] 1.4 15 1.4 1.8
SVD reset Offset [V] -0.2 -0.2 -0.2 -0.2
Clk power [dBm] +3.2 +4.0 +6.5 +8.0
Clk offset [mA] 2.6 25 21 1.6
Cross offset [mA] 0.74 0.71 1.0
Bar offset [mA] 0.30 0.41 16




5-5.2x 2
10Gbps 20Gbps 40Gbps 47Gbps

SQUID bias[mA] 1.15 117 114 1.22
VDL_U bias[mA] 271 341 335 355 275 2.86 294 311
VDL_L bias[mA] 273 353 328 3.70 329 352 362 3.76
SW_U bias[mA] % 112 92 98 98 105 102 104
SW_L bias[mA] 94 104 101 108 102 107 108 109
BODY hias[mA] 288 300 294 300 292 302 279 285
FF bias[mA] 91 96 90 95 89 95 92 98
DATVpp[V] |CH1 0.60 1.10 0.74 097 058 1.18 050 112

CH2 050 1.18 057 115 076 1.20 071 1.01

CH3 063 121 064 121 057 117 0.60 1.22

CH4 058 1.16 0.73 091 0.66 0.93 0.60 1.16
DAT offset [V] | CH1 - - - -

CH2 - - - -

CH3 - - - -

CH4 - - - -
PPG clock delay [ps] -24 -112 -107 35 -4 -91 -86
RTFFB reset Vpp [V] 138 1.64 1.24 >2.00 1.28 1.56 149 >2.00
RTFFB reset Offset [V] | -0.120 0.035 -0.16 0.095 | -0.175 -0.045 -0.18 0.04
SVD reset Vpp [V] 1.08 >2.00 1.10 >2.00 1.13 >2.00 1.31 >2.00
SVD reset Offset [V] -0.455 0.53 -0.515 0.185 | -0.365 0.385 | -0.535 -0.275
Clk power [dBm] 21 +49 -1.1 +6.9 +3.9 >+12.0 +6.9 >+11.0
Clk offset [mA] 23 27 1.20 281 191 251 0.7 23
Cross offset [mA] 0.00 134 0.00 2.00 0.00 1.53 0.00 1.60
Bar offset [mA] 0.05 252 0.00 1.33 0.00 1.70 1.30 1.60

183
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5-4-2 2x 2 4 Gb p BER
2x 2 40Gbps BER 5-18 BER
5-19 BER
in0 inl  40Gbps 10Gbps/chx 4ch
10Gbps/ch BER ED
5-6 PPG 4ch in0 in0_1
in0_4 A4ch inl inL1 inl4 4ch
bit 2*-1 PRBS bit 2“1 PRBS PRBSn
5-20 in0  40Gbps BER
BER BER
5-20 Y 18-tune Y18 BER
MCM Y11 Y18 BER
y18 10™ BER Y14 10" BER
BER
BER 5-20
BER 40Gbps BER 10™ 3 Y16 Y17 Y18
SG. DC Cryocooled system
Anritsu MG3695B
40-GHz clock
SG 1 clock
23dB
MUX+E/O
(as a prescaler) SFQ Error Detector
Anritsu MP1806A |10 GHz 2X2 SW MCM Advantest D3286
— clock  40-Gbps data
10-Gbps, 4-bit parallel 10-Gbps d
CH1 —¢(=40d5 e ) in0_1 out0_1 b o Jamp DATIn ED
cH2 [ Zmr in0_2  out0_2
cH3 [Z=5gg in0_3  out0_3 CLKin
CH4 _z=40dB in0_4 out0_4
PPG inl1_1 outl 1
inl1_2 outl 2
in1_3 outl 3
inl_4 outl 4
SODRYV reset
O =
h |
4Acnritpsscl\s/IPussA 10-GHz clock
5-18.2x 2 40Gbps BER SG PPG ED
in01 in0 4 outO 1 BER



10 2

40Gbps
10*

40Gbps

10°

NN\ A
BER=7.5x 10

5-19.2x 2 40Gbps BER
Y11 Y12 10° 2 Y13 Y15 10° 1
BER
5,000 SFQ MCM
0™ BER
BER
Total
BER  Total
5-21(a) in0 40Gbps
Total
Totd in0
5-6
40Gbps
BER

Y14

BER
BER

185

5-21

BER

5-21 (b)

inl

BER

inl
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56.2x 2 BER

10Gbps/chx 4ch 10Gbps/ch
out0 1 Y11
out0_2 Y12
out0_3 Y13
in0 out0_4 Y14
(in0_1 in0_4) outl 1 Y15
outl 2 Y16
outl 3 Y17
outl 4 Y18
outl 1 Y15
outl 2 Y16
outl 3 Y17
inl outl 4 Y18
(inl 1 inl_4) out0 1 Y11
out0_2 Y12
out0_3 Y13
out0 4 Y14

102
10° —e—Y18-tune
10 —e—Y17-tune
x 10° —+—Y16-tune
'5'3 106 Y 15-tune
107 —o—Y 14-tune
108 ——Y 13-tune
109 ——Y 12-tune
1020 ——Y1l-tune
01 :
Y18 Y17 Y16 Y15 Y14 VY13 Y12 Y1l
Output pin #
5-20.2x 2 40Gbps BER pin BER

BER



10°
10—6 L
10—7 L

% 10—8 L

o0
10—9 L
100 ——Total
10—11 1 1 L 1 1 | L

Y18 Y17 Y16 Y15 Y14 Y13 Y12 Y11
Output pin #
@
5-21.2x 2 40Gbps
BER
(@ in0 (b) inl
5-5
2 4 SFQ
MCM SFQ
4:1MUX 14DEMUX SFQ
40Gbps
SFQ MCM SvD
[49] NEC

BER

MCM

187

10°
106 \//\\/
107
i 108
o0
10° o
101 ——Total
10—11 L I I I 1 1 1
Y18 Y17 Y16 Y15 Y14 Y13 Y12 Y11
Output pin #
(b)
pin BER
pin
Total
40Gbps
40GHz
/10 10Gbps/ch SFQ
PTL SFQ
NICT NEC
10kA/cm?  Nb [37]
47Gbps



188

32 110 SFQ MCM
40GHz
10Gbpsx 32ch
100GHz SFQ
100Gbps 10 110
3 100Ghbps
1/O 110 1
1/O
110 1/O
Interface; 1/F I/F
/0 Van Zeghbroeck [122] /0
SFQ
[123], [124]
SFQ I/F
6-1 NRz
Superconductor Voltage Driver; SVD [125]
[126]
6-1 NRZ

Superconductor Voltage Driver; SVD SFQ
4 10Gbps

110

6-2



BER SvD Rz
SvD NRZ Rz
12 Rz 50% SvD
Rz NRZ
2 20Gbps/ch
[101]] NRz SvD Rz
NRZ SvD
NRZ SVD
Rz SVD 110
6-1-1 NRZ
6-1 NRzZ SVD 4 Rz SvD
clk data
true  complement true complement RSFF et
M
—
data ——|set
RSFF SQUID
reset ——lreset
@
M
~~
data
ot DFF >[5t
ata —
ok — T RSFF SQUID
!B reset
W__/ “— —_—— —
Rz SVD
(b)
6-1.(@dRZ SvD (b)NRZ SVD

189

NRZ

SVvD

data
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reset 6-2 NRZ SVD ”1” NRZ SVD
RSFF ”0” NRzZ SvD
RSFF RSFF
”0” RSFF RSFF
SQUID NRZ SVD NRZ

6-3 NRZ SvD NRZ SvD 2
1:16 WSPL 32 BUF 16 RSFF
16 2 SQUID DC SQUID
RSFF RSFF SQUID
true WSPL 16
BUF 16 RSFF  set
complement WSPL 16 BUF 16 RSFF
reset 6-2 SFQ
NRZ

Clock cycle

L
A0 o N o S
O I B I e A Y

= -

data

reset

RSFF

- o~ o~ o~

@

Clock cycle

110110 f0

out (NRZ) A I N S S N
(b)

6-2.()RZ SVD (bH)NRZ SVD

data

reset ( data )

RSFF

A
— — — —
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SQUID bias (DC)

. 2. out (NRZ)
CIK (SINE) cord] DCISEQ)sseerersesmssssmngranaesnpunnenns 2
data (NRZ) — NRZ/SFQ[*|DFE [T |IDFE : g
........ . Viostage
NOT] reset :
6-3.NRZz SVD WSPL BUF 2 1:16

6-1.NRZ SVD Rz SvD

RZ SVD NRZ SVD
318 400 -37% *
[MA] 43.0 52.4 -39%
[mm?] 0.20 0.40 + 0%
[LW] 108 131 -39%
a NRZ SVD RZ SVD 2
RZ SVD
NRZ SVD 4 RZ SVD 416 417
[49]
NRZ SVD
RZ SVD 2 20Gbps RZ SVD RZ
SVD Jo=10kA/cm? R IcR=0.88mV
Jo=10kA/cm? CONNECT Jo=2.5kA/cm?
R |cR=0.88mV
61 NRZ SVD RZ SVD NRZ SVD
RZ SVD 2 NRZ SVD
RZ SVD 37% 39% 39%
NRZ SVD 1/0 RZ 1/2

NRZ SVD RZ
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6-1-2 NRZ
6-1-2-1
NRZ SVD NEC Nb I [37]
Jo 10kA/cm? 6-4 (a)
6-4(b) NRzZ SVD 5mmx 5mm

1100 pm

(b)
6-4. NRZ SVD (a) (b)
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6-5 NRZ SvD 6-2
MCM
5
1/0 CPW
/s 7C WSPL+BUF FF SQUID
Al
f;er FF sQ)
L
i
= | [
i
e
Ll
clk DS J|ckk Tic true FF SQ
s B A\ N e
e | [
=3 SQ
FF SQ
=3 SQ
= | [
F
=3 SQ
%
6-5. NRZ SvD D/S TIC DC/SFQ
6-2.NRZ SVD
[mA]
D/S 0.4
T/C? 15.6
WSPL+BUF 18.0
FF 18.2
SQUID 0.16
52.4

4TIC
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MSL SvD 50Q MSL
DC/SFQ NRZ/SFQ 500
6-6 SFQ
MCM
10kHz 6-7
NRz SVvD SvD 500 SvD
500 6-8
6-9 SvD SQUID
500 2.4mV GaAs BER
2mv

16mm

6-6. 1 MCM

Clock o g W g O g W g W oy O o I O o W o
data (NRZ)

out (NRZ) Jamv

—

100 s

TDS 3014B - 9:42:35 2007/05/09

6-7.NRZ SVD 10kHz



#1

#2

-40 -20 0

D/S Bias[%]

@

20 40 60 -40 -20 0 20 40
WSPL+BUF Bias[%]

(b)

-40 -20 0 20 40 60 -40 -20 0 20 40
FF Bias[%)] T/C Bias [%]
© (d)
6-8.NRZ SVD 10kHz (@ DIS
(b) WSPL+BUF (c) FF (d) T/IC #
3.0
=< 25
>
S
— 2.0
1.5
1.0
05 Lo
0.1 0.15 0.2 0.25 0.3 0.35
SQUID Bias[mA]
6-9.NRZ SVD  10kHz SQUID

60
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6-1-2-2 NRZ
6-4 (8
6-6 MCM
50um  InSn
4K 20Ghbps
6-10 20Gbps
Pulse Pattern Generator; PPG 12.5Gbps/ch
Error Detector; ED 12Gbps 20Ghbps
NRZ  SvVD
Multiplexer; MUX Demultiplexer; DMUX
2:1IMUX PPG 2ch  10Gbps/ch
20Gbps/ch 20Gbps  1:2 DEMUX
6-11 2 2
6-10 SvD 20Gbps/ch PPG  10GHz
ED SvD 2 1
ED
6-11  1st measurement ED N;
Ne1 20Gbps
1 50psec 40 2 1 SvD
ED
6-11 2nd measurement ED
N2 Ne 20Gbps
BER
aer . NatNey 61
N, + N,
2 T 21 PRBS 1bit
T/2 21 PRBS
PRBS PRBS
6-11 2
SVD  20Gbps 1:2DEMUX  10Gbps/chx 2ch

ED
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Generator; SG

Cryocooled system
20-GHz clock 20-Gbps out
SG DSO
SFQ
MCM
Prescaler 20-Gbps out ‘
10-GHz clock 2 LNA
clkin 20-Gbps datain
8:‘21 10-Gbps, 2-bit parallel data 2:1 MUX ED
PPG T
Clk outl 10-GHz clock
1/32
Clkout Clk out2 10-CGHz clock :
eeeeseereeesanereeessaess R R R R RR e R R RS UIGGCT . seeeemssreeeesusssnessssssesessussssessssssesesssssesessasenseees
6-10. 20Gbps SG PPG MUX ED DSO LNA S T
PS
T
1st measurement 10-GHz clock 50 ps
AL AL ¥ e
20-Gb/s data [1loiof1iTjo[T]of171fT]O[1] i
2nd measurement 10-GHz clock (ShIted iy 50‘p8) 50 ps
T TS TS PN I IO T
20-Gb/s data_1i10f0[TiTlofT]o[TiTiT] ofT]
6-11. 2
2 BER 2 ED 1.2 DEMUX
2 20Ghbps 20Ghbps
BER ED 12GHz 20Gbps
ED BER
SvD 6-10 SvD
PPG 32
6-12 6-10 10Gbps 20Gbps 25Gbps NRz SvD

Synthesized Signal
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DC/SFQ
6-12
NRZ SVD 25Gbps 125Gbps PPG 6-10
6-12 bit 21 PRBS bit
21 PRBS PRBSn 25Gbps BER
6-11 2 NRZ SVD BER 20Gbps ED
12GHz SVD 20Gbps ED
6-13
PRBS7 BER 1x 1073 BER 10% SQUID
+ 1.6% BER 24Gbps 12Gbps ED 2
24Ghps PRBS7 BER 10°
BER ED 12GHz
SFQ 2mV  NRZ SVD  25Ghps/ch
25Gbps ED BER
25Gbps BER NRZ SVD

10 Gb/s 20 Gbls

clk (sine)

0101101110100100010

data (NRZ) |

10 Gb/s 20 Gb/s 25 Gbl/s

:oumk i cwars ik O®s g peacie | D0 umed o wmme sk BBm e poean e | 01 Umkd lon ovmrs ek OB s aveeeva |

]

6-12. 10Gbps 20Gbps 25Gbps NRz SvD (@ (b
(b) 1,000
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Rz SvD 1/10 2
NRzZ SVD 25Gbps/ch
NRZ SvD 1.4DEMUX 100Ghbps I/F 5
4:1 MUX 1.4 DEMUX 1:4 DEMUX
D2FF D2FF  setup hold 0.1psec
MUX DEMUX  Jc=10kA/cm? 100Gbps
D2FF setup hold DFF Jc=10kA/cm?
120GHz [38] 6-14
100GHz SFQ
10°
101 \. /-—,
102 Ay
10°3 .
10* \ {
105 % $
® 106 7~
@ 107 A F 4
108 A
10 . .;':
1010 \ oS
e v o BER=9x 104
1013 %g — (9Errorsin 5000 sec)
10'14 I L I I I I L I
01 012 014 016 018 02 022 024
SQUID bias[mA]
6-13. 20Gbps NRzZz SvD BER SQUID
100Gbps port speed
4x 25Ghps S 4x 25Gbps
inl E’: EE’: out 1
e ) 1] Cryo
i logic ) e out 2
in 2 % cirguit - g\F/% ] LNA
: : % e (semicon)] | s :
. 100GHz| <] in Ay
inN :: N out M
~ SFOQ chip 4K 40K |{* RT
Cryocooler
SVD: Superconductive Voltage Driver
W f /
10mV NRZ SFQ pulse 2mV NRZ  50mV NRZ

6-14. 100GHz SFQ
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6-2
I/F
SFQ
SFQ [123], [124] [123] GaAs - -
M etal-Semiconductor-Metal Photodiode; MSM-PD 4K / O/E
6GHz 1/2*
1.5Mbps [124] S MSM-PD 4K O/E JTL
JTL 20.6GHz
SFQ
20.6GHz SFQ
BER
40Gbps
O/E SFQ
40GHz BER
O/E 100GHz
Uni-traveling-carrier Photodiode; UTC-PD [127]
UTC-PD 4K
4K O/E
UTC-PD SFQ PD/SFQ
SFQ
SFQ
6-2-1 UTC-PD 4 Gbps
4 4K UTC-PD
4 1/O FC
1/0 UTC-PD
4 UTC-PD ISTEC NTT ADVANTEST

[128]
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UTC-PD
UTC-PD 40Gbps 4K
UTC-PD 6-15
UTC-PD 110 UTC-PD
$1.19mm 5lcm Cu UTC-PD
NRZ 40Gbps 20GHz
3 60GHz 5
100GHz UTC-PD
110GHz  1mm
4K UTC-PD  40Gbps UTC-PD  40Gbps
UTC-PD S21
20GHz 40Gbps NRZ 2dB
VNA 40GHz 40Gbps NRZ 3
60GHz 40Gbps 2dB
SFQ
6-16 Synthesized Signal Generator;
SG 40GHz 4:1 MUX+E/O  40GHz
4:1 MUX+E/O va 10GHz 4chPPG  10GHz
SG PPG 41 MUX+E/O PPG 10Gbps/chx 4ch
4:1 MUX+E/O 4:1 MUX+E/O 40Gbps
40Gbps 40Gbps

4K UTC-PD

UTC-PD

(b)

(b)UTC-PD
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s

PPGE MUX+E/O > BPF P o | UTC-PD b

7}
______ H «p 1/1 clock = 1/1 electric data
sG ™7ttt » 1/4 clock —— 1/4 electric data
—> 1/1 optical data
€Y
MUX+E/O

40Gbps UTC-PD 40Gbps
6-16. UTC-PD
1.55um
40Gbps
UTC-PD 4K
UTC-PD
51cm 20GHz
50cm \%
40Gbps
UTC-PD
UTC-PD UTC-PD

BPF

40Gbps
(b)
@ (b)
UTC-PD
5.1K 6-17 40Gbps
UTC-PD
2dB 1/0
50GHz 20GHz 1dB
oK UTC-PD
40Gbps PRBS7
1,000 Vout
UTC-PD Pin
6-18 (a) UTC-PD Vout
Vout Pin 40Gbps



V. [mV]=7.0x P, [mW]

g . UTC-PD
UTC-PD
40Gbps NRZ 20GHz 3dB
50% UTC-PD SFQ 2sem
1dB 20%
=0.8/0.5 1/2 UTC-PD SFQ
(62 Vou V16
40Gbps UTC-PD SFQ
Vin I:>in
V,,[mV] ~ 8.9x P, [mW]
6-18()  Vin Pi
UTC-PD 40Gbps
UTC-PD SN
PRBS7 SN
1000
6-19 6-19 UTC-PD
2mw
UTC-PD  40Gbps SmwW
Hhe ol sete Mews bk e Wb maeamwnl | Do G o s G bt kb vemor
«GND
26mVv
7mV/div H5psec/div|
Trsa s nzunre l"t‘_""“"l%

6-17.5.1K

(b)
UTC-PD  40Gbps @) (8) UTC-PD

203

(6-2)

20GHz
SFQ
16

(6-3)

3mw
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= 90 — 90
E 80 | E 80
70 t+ Q70
g 60 g 60 |
> 50 | 250 |
240 | 340 |
330 [ 330 |
o)
20 f _ 20 | .
§ ol Vo = 7.0 P, Sl V,,=8.9P,
5 0 ; : : . ! . 5 0 L . L L . L I
0 2 4 6 8 10 0 2 4 6 8 10
Optical input power [mW] Optical input power [mW]
@ (b)
6-18.5.1K 40Gbps UTC-PD @
UTC-PD Vour (b) SFQ UTC-PD
Vin
25 \ 1 60
o | © 50
2_15 i A ¢ Y jitter
i 30 Z « PD jitter
é * 1 U) & SIN
T 1 /./_\*—*‘;3:17@. 20 «PD SN
05 1 - 10
'E/.——._._._._._._._!.
0 | | | | I | | | ] 0
1 2 3 45 6 7 8 9 10
Optical input power [mMW]
6-19.5.1K 40Gbps UTC-PD SIN
6-2-2 UTC-PD/ SFQ
UTC-PD NRZ ”High” 717
NRZ ”LOW” ’70’7
UTC-PD NRZ UTC-PD
UTC-PD UTC-PD SFQ
PD/SFQ 6-20



205

SQUID bias

:

BODY bias clk_in

LIN1
dat inO

'a'a ot
LD1
DC
MIN1\(MD1

out

6-20. PD/SFQ J1=0.14mA J2=0.16mA J3=0.216mA J4=0.216mA J5=0.081mA
L1=12=3.5pH L3=5pH L4=2.0pH L5=2.5pH L6=3.0pH LIN1=LIN2=LD1=LD2=7.0pH
R1=R2=50Q2 1B1=0.23mA [B2=0.3mA

PD/SFQ 2 A xR 2
L1 L2 SQUID SQUID LI 0.5d; SQUID
L1 L2 UTC-PD 500
UTC-PD
500 2 5
SQUID J-L1-L2-32
2 B
PD/SFQ UTC-PD »1”
PD/SFQ NRZ
SQUID
SFQ »1”
PD/SFQ UTC-PD Q7
1 UTC-PD 0 PD/SFQ
SQUID
J5 PD/SFQ SFQ
»0” UTC-PD NRZ SFQ
PD/SFQ
SQUID DC DC DC
UTC-PD DC

500 5002 6-20
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UTC-PD PD/SFQ SQUID
40Gbps + 20%
6-2-3 SFQ
SFQ
6-21 PD/SFQ 1:2DEMUX 2chNRz SvD
PD/SFQ UTC-PD 40Gbps NRZ SFQ 40GHz
SFQ 40Gbps 40Gbps 1:2 DEMUX
20Gbps/chx 2ch 2ch NRz SvD 2mV. NRZ
6-1-2-2 NRzZ SVD 20Gbps/ch BER
6-22 1:2DEMUX 1:2 DEMUX
6-23 6-21 40Gbps
PD/SFQ 1.2DEMUX 2chNRz SvD 3
40 MSL MSL
VDL
SvD 2ch
5 SQUID 400Q
5 SvD
50Q MSL 1st
500 DC/SFQ 500
500 MSL /0 CPW
' -»_VDL C1}-+ NRZ dout]
Cineedp DC/SFQ; Né SVD
Olin el PD/ SFQ o NRZ
VDL C2}-+ SvD doutz2
= 40 GHz clock - » 20 GHz clock
=P 40 Ghps aata — 20 Gbps data

6-21. SFQ
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c1 (20 GHz)

TFF V }— doutl (20 Gbps)
cin (40 GHz
( ) = D%FF—» dout2 (20 Gbps)

din (40 Gbps) c2 (20 GHz)

6-22. 1.2 DEMUX

DSPIVSFQ JTL1  VDLck DS DEMUX DEMUX U  VDL_DEMUX U T/C WSPL#BUF FF SVDSQUID

PLYSFQ.SQUID  PD/ SFQ BODY DEMUXL VDL DEMUXL
‘ Y ’ ‘ Y , l Y /
PD/SFQ 1:2 DEMUX 2chNRzZ SVD
6-23. SFQ
MSL 6-3 6-23
100mA 22
40GHz 1 40Gbps NRZ 1 20Gbps NRZ
2 SVD  resetl PD/SFQ DC1 16
6-21 40Gbps I/F PD/SFQ 40Gbps 20Gbps/chx 2ch
I/F 1:2DEMUX+2chNRZ  SVD
PD/SFQ 1:2 DEMUX SFQ 40Gbps I/F
SFQ 6-4 6-21
6-4 1ch 40Gbps I/F
I/F I/F

SFQ ch
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6-5 5 2% 2 40Gbps IIF 4:1
MUX 1:4DEMUX+4chRZ SVD 6-6
6-4 65 40Gbps V= V=
NRZ SVD SFQ 40Gbps V= 45%
44% 39%
6-3.
[mA]
DS PD/SFQ 0.4
PD/SFQ_SQUID 0.23
PD/SFQ_BODY 0.3
PD/SFQ JTL1 3.3
JTL2 0.6
VDL_clk 3.6
VDL_dat 2.7
DS DEMUX 0.4
DEMUX_U 7.15
1:2 DEMUX DEMUX_L 7.15
VDL_DEMUX_U 2.4
VDL_DEMUX_L 2.4
TIC 324
NRZ SVD WSPL+BUF 36.0
FF 35.4
SVD_SQUID 0.32
6-4. 621 40Gbps V=
[mA] [uW] [mn]
I/F PD/SFQ 11.1 27.8 0.23
1:2 DEMUX 195 48.8 0.38
V= 2chNRZ ~ SVD 104.1 280.0 1.13
V= 123.6 328.7 151
V= - 134.8 356.5 1.74
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6-5.2x 2 40Gbps I/F
[mA] [uW] [mn?]
I/F 4:1 MUX 36.4 91 0.21
1:4 DEMUX 20.0 50 0.37
I/F 4chRZ SVvD 188.5 500 2.28
I/F 208.5 550 2.65
I/F - 244.9 641 2.86
6-6. 2x 2 40Gbps I/F 40Gbps I/F
[MA] [uW] [um?]
40Ghps JE 244.9 641.0 2.86
40Gbps
VE 134.8 356.5 1.74
I/F
45% 44% 39%
6-2-4 SFQ
6-2-4-1
6-24 SFQ 6-25 PD/SFQ
NEC Nb I [37] Je
10kA/cm? 6-21
5mmx 5mm
NRZ
10kHz 6-26  10kHz 10kbps
NRZ 5kbps/chx 2ch NRZ
6-27 NRzZ SVvD
PD/SFQ BODY -59.0% +47.7% 1:2

DEMUX 2



210

6-24. SFQ

BODY bias

SQUID bias

6-25. PD/SFQ

-35% +24% NRzZz  SVD
50Q 24mvV BER 2mVv



211

Clk_in -H-“’-----ﬁ-!!n---pnn-
(lOKHZ) U
_ 10101001101110001

dat_in R ——— P

(10kbps, NRZ, negative)

outl
(5kbps, NRZ, positive)

out2
(5kbps, NRZ, positive)

6-26. SFQ 10kHz
[ PD/SFQ_BODY | -59.0 I C 147.7
VDL_dat -14.11 [ 165.4
PD/SFQ VDL_clk 5171 =——1189
JTL1 -270 1 C 178.3
- JTL2 -34.21 [ 1 45.8
VDL_DEMUX_L -48.81 r 1 53.0
_ J VDL_DEMUX_U -57.11 r 1 52.9
1:2 DEMUX DEMUX_L 721 : | 243
- DEMUX_U -36.9 | r 126.0
TIC -266 C———1-115
NRZ SVD WSPL+BUF -1.4 [ 27.9
FF -8.0 1 16.3
PD/SFQ_DS ‘ o e ) m— ‘ ,
-80 -60 -40 -20 0 20 40 60 80
Bias [%]
6-27. SFQ 10kHz
PD/SFQ NRZ SQUID 6-28
SQUID 6-20 dat_in
SQIUD 0.305mA
0.38mA=* 34.2% 5002 19mV+ 34.2%
6-3 UTC-PD UTC-PD 5K
40Gbps 2.1mw SFQ 19mVv Vin
UTC-PD PD/SFQ dat_in 2mw

PD/SFQ UTC-PD
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055 0.38mA: 34.2%
05 | /
045 |
g 04 |
2 035 |
03 |
025 |
02 L— — ‘
022 024 026 028 0.3 0.32
SQUID bias[mA]
6-28. PD/SFQ  10kbps SQUID
6-19 UTC-PD
3mw SFQ 40Gbps
UTC-PD 6dB 6dB
UTC-PD 1/4 1/2
Pin  Vin
Vi, [mV] = 4.4x B [mwW]
(6-4) 40Gbps PD/SFQ  19mV
UTC-PD
6-2-4-2 SFQ A0GHz
SFQ
6-30
4K UTC-PD 4K SFQ
UTC-PD $1.19mm 23cm  Cu
SFQ 6-24
66 MCM InSn
UTC-PD
6dB 6-30 (b)

6dB

(6-4)

4.3mwW

6-29

SFQ
SFQ
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UTC-PD SFQ Vin 6-4
SFQ 6-31 SG
40GHz T SFQ
40GHz 4:1 MUX+E/O
4:1 MUX+E/O 10GHz 4ch PPG
40GHz SG MUX+E/O 10GHz PPG
4ch PPG 10Gbps/chx 4ch 4:1 MUX+E/O 4:1
MUX+E/O 4ch 40Gbps 40Gbps
40Ghbps
UTC-PD SFQ 40GHz UTC-PD

300 K

==»> 40 GHz clock - »20 GHz clock
= 40 Gbps data —20 Gbps data

6-29. SFQ

10Gbps 110 SFQ UTC-PD UTC-PD

DC 110 6dB 4K

@ (b)
6-30. (a) UTC-PD SFQ (b)
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Cryocooled system

40-GHz clock
wpasoss OO ¢ > SFQ MCM 'IM - Oscilloscope
MP1806A  1/1 cin 40-Gbps optical data 1;%)’553,}( usaic,
MUX+E/O O, AMP O, ATT RZ Hawe 20-Gbps out I :
AMP-FL8013-CB 81576A H
1/4 cout 40-Gbps data in
10-GHz clock AMP
MP1758A  clkin | |10-Gbps data 1
data ED
PPG 03286
wa 10-GHz clock 1
1/320ut  clk2 '
ereee s £ £ e R AR R RS T eseseeesessesssssssss s s aass e e
6-31. 40Gbps SFQ
40Gbps 40GHz 40Gbps 20Gbps/chx 2ch
SFQ 1st
GaAs 50mV PPG 132
312.5MHz BER
20Ghbps ED
ED PPG 10GHz 6-11 2 BER
40GHz 40Gbps
6-31 40Gbps 6-32  40Gbps
SFQ 4.5mwW SFQ
20Ghbps/chx 2ch 6-7
40Gbps UTC-PD
40Ghps NRZ MCM MCM
CPW PD/SFQ
40Gbps NRZ 3
60GHz 40GHz
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“fEHe o enp Messre Cglee iles Hep 06,400 208, 1437 =

00001010011011100001100101111101 Outl

M Al A ArT (20Gbps NRZ)

e YV (ZOGg;fNRZ) T
160_53
@ (b)
6-32. SFQ 40Gbps €) (b)SFQ
4 TDR
40GHz SFQ
40Gbps BER  PD/SFQ SQUID
PRBS7 6-33
6-7 BER PD/SFQ SQUID
6-33 (a) 4.6mw BER 10%
PD/SFQ_SQUID 0.26mA+ 3.8% BER
6-33 (b) PD/SFQ_SQUID 6-33 (a) BER
10" PD/SFQ_SQUID 0.26mA
BER 10" 4.6mW+ 8.7%
SFQ BER<10™
PD/SFQ_SQUID 0.26mA 4.6mw
BER 10 BER
UTC-PD PD/SFQ 1.2 DEMUX NRZ SVD
SFQ 40Gbps
BER 10" SFQ
UTC-PD 4.6mwW 110
25mW/ch 1/5
32 110 NRZ
SVD  25Gbps 40Gbps/ch 20ch
4K UTC-PD 4.6mWx 20ch=92mw
4 4-3 2nd 2nd
ow 2.8K 2nd 1w 4.2K

2nd 2nd
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6-7. SFQ 40Gbps
%

PD/SFQ_DSbias[mA] 0.28 0.49 0.385 + 27.3%
SVD_SQUID bhias[mA] 0.40 0.48 0.44 + 9.1%
FF bias[mA] 28.7 428 35.8 + 19.7%
WSPL+BUF bias[mA] 382 419 40.1 + 4.6%
T/C bias[mA] 24.4 26.8 25.6 + 4.7%
DEMUX_U bias[mA] 7.10 9.00 8.05 + 11.8%
DEMUX_L bias[mA] 6.86 8.95 7.91 + 13.2%
VDL_DEMUX_U bias[mA] 2.09 270 2.40 + 12.7%
VDL_DEMUX_L bias[mA] 2.40 - -

PD/SFQ_SQUID bias[mA] 0.28 - -

PD/SFQ_BODY bias[mA] 370 4.70 4.20 + 11.9%
JTL1 bias[mA] 0.44 0.66 0.55 + 20.0%
JTL2 bias[mA] 0.08 0.43 0.26 + 68.6%
VDL_clk bias[mA] 329 3.96 3.63 + 9.2%
VDL_dat bias[mA] 2,67 3.75 321 + 16.8%
Clock delay [psec] 190 290 240 + 20.8%
RTFFB reset delay [psec] 232 434 333 + 30.3%
Clock power [dBm] +12.7 +23.1 +17.9 + 29.1%
Clock offset [mA] 051 435 243 + 79.0%
Optical data power [mW] 401 5.30 4.65 + 13.8%
dat offset [mA] 0.52 0.60 0.56 + 7.1%
RTFFB reset Vpp [V] 0.86 1.48 117 + 26.5%
RTFFB reset offset [V] -0.395 -0.035 -0.215 + 83.7%

92mw 2nd 5K 4 5
3.8K 2nd
w 40Gbps/ch
20ch  25Gbps/ch 32ch 1w
800Gbps 800Gbps
6.5kW
0.12 Tbps/kW 4K GM-JT
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8W GM-JT [129] 8W
GM-JT 1w 8 6.4Tbps
4K
1:1000
8kW GM-JT
0.8Tbps/kW 6-34 [130]
10° 100
102 102
10 10
@ 10 o 10°
® 108 @ 108
1010 026 mA 100 4.6 mw
o1 + 3.8% Y + 8.7%
10
o8 w L wul w .........
019 021 023 025 027 029 031 033 2 3 4 5 6 7
PD/SFQ_SQUID bias[mA] Optical input power [mW]
@ (b)
6-33. 40Gbps SFQ BER (8) PD/SFQ_SQUID
(b) PRBS7
18
@ I W at 4K]/ =1/1000
a 16 | [ ] [(w] \\L\N\
ed 14 -
~
12
10

6Tbps with 8W GM-JT

PIKW

6-34.
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6-3
110 NRZ SVD
UTC-PD 40Gbps SFQ 25Gbps/ch
SFQ 40Gbps/ch 110
40Gbps SFQ 40GHz
NRZ SVD Je=10kA/cm? SFQ 100GHz
NRZ SVD
800Gbps 1w
0.12Tbps/kW
4K GM-JT 6.4Thps
0.8Tbps/kW
OlE

SFQ
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7
SFQ PTL SFQ
4:1 MUX
L.4ADEMUX RZ SVD NRZ SVD
2x 2 47Gbps
SFQ 40Gbps
SFQ 100GHz

1w 800Gbps 800Gbps
110
SFQ

7-1
110
BER SvD 1st
BER
SvD SvD
BER SvD
SvD
BER
4 1/0 110 4K
TDR 1/0 50Q+ 5.30
1/0
4 TDR 4-7
1/0 110
5% SvD SvD
BER
SvD

4 TDR
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SvD
SvD
7-1 SvD 1st
SvD 2mm 50Q MSL
50Q MSL  CPW 50um  InSn
8mm 502 MSL 502 MSL
20mm 50Q 50Q
$1.19mm 100mm
\ 250mm
\Y
50Q
50Q MSL MSL
2 PTL 8.6psec/mm 4.3psec/mm [107]
MSL
SO,
& 4
& PTFE 2
\/; MSL
7-1 MSL MSL
TDR Rz SVD
DC $1.19mm \Y \%
CcPW CPW, \ \
)] )—\?—e) )—\?—e) < - A -@— AMP
CRETS i i i
| : | : :
2mm ! 8mm | 20mm | 100mm ! 250mm |
. 17psec ' 69psec ! 86psec | 430psec ! 1075psect!
= I
|:j'la 17psec 86psec 172psec 602psec 1677psec
SVvD
7-1. SvD 1st



SVvD
SvD
5mmx 5mm
6-6

7-2 (8
4K SvD

reset
SvD

12GHz PPG
bit 128hit
83.3psec
)71’7 S\/ D
12GHz
10.7nsec
SvD
7-3 SvD
2
1.7 1.8nsec
7-1
AC
DC
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SvD
RZ SVD
16mmx 16mm 50mm InSn
6
RZ SvD 6 NRZ SVD 6-3
50Q 1/0
6 NRZ SVD CPW
Pulse-Pattern Generator; PPG
PPG SvD
1st
PPG
7-2 (b)
1bit »1” 12GHz
10.7nsec  =128bitx 83.3psec/bit
SvD SvD
40 50psec
SvD
7-1 SvD
3.4nsec 10.7nsec
SvD
7-1
7-3 SvD
3.5nsec SvD
1
SvD 1.7 1.8nsec
1
50Q
AC
DC
65kHz 25GHz [105] 65kHz
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Cryocooled system

12-Gbps data in 12-Gbps out
CH2
DC
PPG §
Clk outl é 12-GHz lock SVvD DSO
Clk out2 | 12-GHz reset
Precision timebase
12-GHz clock 1
€)
\ : .
s 128 bitx 83.3 psec/bit 10.7 nsec
v |
A >t
(b)
72, 71 @) (b)

7-3. 12GHz



7-3
1.2nsec SvD 600psec
7-1
\
7-3 SvD
7-4 SvD
7-4 SvD
PPG 1GHz
128hit 1bit 717 SvD
1GHz SvD 1GHz
500psec 7-4 SvD
7-5 1GHz SvD SvD
7-5 SvD
170psec SvD
7-4 SvD 85psec
7-1 SvD
SvD 2
SvD 2
2
500 MSL
500
2 500 MSL
MSL
4K MSL
7-5 1GHz SvD
MSL 500
SvD 500psec 170psec
SvD SvD
2 4 (48 SVD SvD
P
SvD SvD

223

7-3

170psec

5002 MSL

42 1GHz
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7-4. 12GHz SvD

7-5. 1GHz SvD
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SvD SvD
170psec
SvD 170psec RZ SvD 50% 3Gbps
NRZ SVD 6Gbps SvD
BER
MSL MSL 50Q
7-5  1Gbps 7-5 SvD 170psec
3Gbps NRzZ SVD 6Gbps
7-3 1
SvD 50Q
MSL Reetm
5 6 SvD
SvD 50Q
MSL (4-10) 4 TDR
4
TDR SFQ
SvD
7-3 SvD
SvD Reerm Reerm
50Q MSL SvD Rierm MSL
50Q Reerm SvD
SvD SvD
SvD
SvD SvD
4
10Gbps RZ 20Gbps NRZ 10* BER
2mvV
SvD SvD
(4-10) SQUID lc SQUID b
SQUID n SQUID
a 4 (4-9) SvD MSL
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SVD
Rierm
7-2 MCM SFQ
2x 2 2x 2
2% 2 8ch SVD MCM MCM
47Gbps
SVD 2,930 1mw
3,000 1Imw SFQ
SFQ
/0
mw SFQ SFQ
SFQ
7-6 SFQ
MCM InSn MCM MCM
SFQ psec SFQ
10Gbps/ch MCM
SFQ
SFQ circuit  SFQ circuit chip _
InSn solder bump (heat source) ~ (face down) MCM carrier
heat flows o — grease
I ‘VV v v IP
cold stage
7-6. SFQ

“ a SQUID



SFQ
SFQ
SFQ
7-2-1 MCM
77 2umx 2um 1,000
7-7 (b)
€Y 7-7 (b)
BY;
lc
BY; BY;
lc
Il 7-7(b) 25V
2.5V 0.3mA
1,000
CONNECT JTL

1,000

0.1mA/div

@
7-7. 2umx 2um 1,000

@ (b)

500mV/div

SFQ

7-7 (&

2,000

227

[131]
7-7 (a)
7-7
-V 2.5V
Ic 19% 7-7 (@
1,000 25V
0.75mw
lc 70%

sl

OmV/div
(b)
(b)
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3,000 SFQ 1mwW
1mw
[-V
SFQ
SFQ [-V
7-7
7-7 [BY;
SFQ SFQ 3,000
SFQ SFQ
MCM SFQ SFQ I
7-2-2
MCM SFQ SFQ
Ic 7-8
5mmx5mm
3x3 13x13
CONNECT [49] 2 JTL
40pmx40pm 7-9 JTL
JTL L1 L2 L3
GND 2
JTL
JTL 39x 39 SFQ SFQ
JTL 1 2 169
338 8.30 lc 0.22mA

169 GND



test cell

N

J+
|

lg J+
1

block (13X13 test cell array)

E|

x3

40pm
J =0.22mA, Rg =8.3Q

13 cells (520um)

13 cells (520um)

40um
@
bias
Rs
(©
7-9. JTL

@

(d) JTL

40pum

»
Q
”
v
0
0

test chip 3X3 block array

L
=

|

$30pm InSr}E
| solder bump

R ircuit block 1 :

5mm
blas::_l =
| K | £
din ‘n_fﬂ&f_{ﬁ 'IIdout =
==y
=s=sesm
— 7t
) 40pm
(b)
bias

(©)

dout

(d)
(b) JTL (c)

Jir IV

229
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4 d 2 B U 7-8 lc 4
4 Ic
le
7-2-3
NEC Nb [31] 7-10
7-10
16mmx16mm MCM 372 30um  InSn
MCM MCM
4K
a A IV (i) 6 7-10
(i) 9
a a4 I-v
@) a 4 7-11 (a)
Is 7-11 (b) P

5mm

7-10.

4K

7-11



a Yol n u
lc  100% Alc
P ls
N P=NIg’Rs 7-11
7-8 n U
712@ () (ii) A le Alc
P 7-12 (a)
Al [%]~6.25P [mw]
P 16mwW Ale  10% 1.6mw
100% Ic
2 JTL lc  0.43mA
JTL 100%
2 JTIL 1040 2,080 1.6mwW
() (ii) Alc P
P Alc
P (i)
15 7-12 (b) 7-12 (a)
lc Alc
Alc (i) (i)
Alc
7-6
Rr 45
P [132]
o T-T,
R,

231

Alc
0%

Alc Jgq 4

Al P

(7-1)

2,000 SFQ

CONNECT
8.30

0.43°x 8.3=1.53uW

7-12 (a)

(i)

7-12 (b)

MCM

(7-2)
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100 100 +
9 I 9
80 | 80 | le
70 t 70 t
'0\3‘ 60 [ [——an '0\3' 60 [[——21
< []-—-a-J1 - M| -a--J1
ﬁo 50 [ —— N ﬁo 50 [ —— N
3 4 [ |-a-n 3 40 [ |-a-H
— 30 | T30
20 & 20+ & |
10 | o 10 | & Ale
0 bt Al o o ot | |
0 200 400 600 800 1000 0 2 4 6 8
Bias current I, [mA] Power P [mW]
@ (b)
7-11. 6 J A e Vil
Ic @ Is (b) P
100 100 ¢
90 | 0 f IC
80 | | 80 -
! c
_70 _70 |
S go [ | —*—J16blocks S 60 | | ——6blocks
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