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Motivation
5

Trend of rising electricity demand of information and

communications technology (ICT).

Currently 10% of the total electric power worldwide.

9,000 terawatt hours (TWh)

—  ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand
_ total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.
M Networks (wireless and wired)
M Production of ICT
Consumer devices (televisions,
computers, mobile phones)
M Data centres

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

N. Jones, Nature, vol. 561, no. 7722, pp. 163-166, Sep. 2018.

Worst-case scenario: ICT could use as much as 50% of
global electricity by 2030.

A. S. G. Andrae and T. Edler, Challenges, vol. 6, no. 1, pp. 117-157, Jun. 2015.

A 21.98%

.ll‘ CAGR with
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momentum
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3 I Estimation of year- N of the growth will
over-year growth rate originate from
of 2022 North America

TechNavio, Data Center Market by Component and Geography - Forecast and Analysis 2022-2026
SKU: IRTNTR40958

Global market for data centers growing rapidly -

Cybersecurity is a key major challenge.




n : Stony Brook, New York, USA

Motivation

Stony Brook University

Staff: ~2,500 https://www.asa.stonybrook.edu/Sustainability/energy/

Students: ~24,000 Campus-Wide 30 Days
Campus Area: 5.5 km?

+ Research hospital PSR ~22 MW )ll |
N .

+ Two university datacenters 25357.98448
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https://www.asa.stonybrook.edu/Sustainability/energy/

Motivation — Bitcoin (BTC) example
5

~ T Units: TWh/year

— ]
Pakistan Ukraine —_ Malaysia Poland
itcoin
132.3 134.3 1 p, 150.8 158.2
TWh per TWh per 35. TWh per TWh per
year year TWh per year year
year

Energy-efficient superconductor electronics (SCE) potentially address power problem in large-

scale computing, data centers and cybersecurity.

University of Cambridge Bitcoin Electricity Consumption Index: hitps://ccaf.io/checi/index/comparisons (2023)



https://ccaf.io/cbeci/index/comparisons

1986: DC flux parametron,
later renamed to QFP [4]

1976: K. Likharev
proposes parametric

Phase mode,
quantron 3] RSFQ emerging
Goto (left) and Takahashi with PC-1
1950 1960 1970 1980 1990
OmOm=(E
MOS IC ramps up CMOS takes over NMOS

1954: Eiichi Goto invents parametron [1]
1958: Parametron-based PC-1 computer
1960: Parametron-based Esaki Diode pair
logic (precursor to the QFP) [2]

Input current

OmmEOm=E

2011: N. Yoshikawa (YNU) first
proposed the adiabatic QFP (AQFP) [5]

[1] E. Goto, Proceedings of the IRE, vol. 47, no. 8, pp. 1304—1316, Aug. 1959.

[2] E. Goto et al., IRE Trans. on Elec. Comp. vol. EC-9, no. 1, pp. 25-29, Mar. 1960.

[3] K. Likharev, IEEE Trans. Magn., vol. 13, no. 1, pp. 242-244, Jan. 1977.

[4] E. Goto and K. F. Loe, D¢ Flux Parametron. World Scientific, 1986.

[B]N. Yoshikawa et al., 2011 SSDM, doi: 10.7567/ssdm.2011.j-8-3.

[6] C. L. Ayala et al., IEEE J. Solid-State Circuits, vol. 56, no. 4, pp. 1152-1165, Apr. 2021.

2014: IARPA C3; 2017: IARPA SuperTools

SCE pPro: SPELL, FLUX-1,

CORE, LSRDP, FRONTIER Energy-efficient SCE logic

2000 2010 2020 2030s...

OmEP»

FSDL as enabler

2020: First adiabatic superconductor
pprocessor MANA usmg AQFPs [6]
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Adiabatic quantu rﬁr-ﬂux-parametron

MANA AQFP microprocessor



AQFP logic for computing

o Adiabatic quantum-flux-parametron (AQFP) logic

o Composed of a pair of Josephson junction (JJ)
superconductor devices

o Extremely small bit energy << |.®,
m Very small switching energy due to adiabatic operation
m 1.4 zJ perJJ at 4.2 Kin experiment [1]

o High gain
m 10-50x gain from pA's of input current

o High robustness

o Clock speeds on par with state-of-the-art CMOS logic
(5-10GHz)

Bit energy[J]

i ? State—of-the—art
. CMOS

10" | ' - @

SFQ ' X ~10°

Tron

10" 10" 10" 107 10° 10°® 107
Clock period [s]

After cooling overhead [2], ~80x more

efficient than 7nm FinFET with V= 0.8V [3]

[1] N. Takeuchi et al., Appl. Phys. Lett., vol. 114, no. 4, p. 042602 (2019)

[2] D.S. Holmes et al., IEEE TAS, 23, no.3, (2013)
[3] A. Stillmaker et al., Integration. 58, pp. 74-81 (2017)

AQFP logic a promising candidate for energy-efficient computing.




Cell library: minimalist design
B

Josephson junctions (JJs)  Reverse transformer  Noinput + asymmetric

L, = 1.13 pH spiral to invert data layout to tilt potential
Lx =567 pH ) \ center reference
L, =6.16 pH o S
L,, L, = 1.53 pH s 'ELE 0O EHLE
_ — XO! Xm-———— J 1Xou XinF
L,=7.88 pH ~dcout dcin ==} idcout dcin"
Lot = 31.9 pH '
kd1’kd2 = '0154

K,k o = 0.209

kout =-0.515
Ji, Jy =50 pA -
Excitation/clock lines are INV
50Q microstriplines i din
. Xin xout xin | = | xout xin xout
Interconnect are shielded = dcin ? dcout dcin ? dcout dcin >@| dcout
striplines adin: =2
dout
(e) Interconnect stripline .
E| TSOO nm
] ey 0
10 Hm % Tl % Tli % T | © 500 nm
4 h. 400 nm
Corner piece Intersection piece e e BC | 400 nm
- BRANCH3 q Lle SK;: o _,iazg nm
1 =3 5 _J P - » 300 nm
- AND_IB gate (g=ab) { & 300 nm

4-layer Nb/AIO,/Nb 10 kA/cm? high-speed standard process (HSTP)
N. Takeuchi et al., Supercond. Sci. Technol., vol. 30, no. 3, p. 035002, Mar. 2017. by AIST, Tsukuba, Japan
C. L. Ayala et al., Supercond. Sci. Technol., vol. 33, no. 5, p. 054006, Mar. 2020.



Data propagation in AQFP logic
—

° .
90° phase shift i Ph1 Ph3 AC1
btw AC1 & AC2 ---AC1-
—Ac2+ O
| —ac2z (] AC2 £
DC provides +/- - s g
offset to AC _
Ph1 Ph2 Ph3| . Phd DC °
S~ S~
?’m {>A__I>B ol Yol Lnput
L act bc  Ac2 '
~4-phase clocking — 1 logic stage per phase T
P g g geperp Aout
afT ]
3 30}
5 20f Bout
5 10F
B ......
R 12.5H1042J / 8cyc.=~1.3zJ/cyc.
g 10k°F ....”.. l..l..|.+. COUt
& Dout
05 1 15 B EEEEREEE L A EEEEN . A FEEREEEE RN . EEL A TN
Time [ps] ~109 250 500 750 1000 1250 1500 1750 2000
Adiabatic switching in JSIM. Measured : : Time [ps] .
to be 1.4zJ/cyc. at 5 GHz [1]. Simulation of four buffers in series in JSIM.

[1] N. Takeuchi et al., Appl. Phys. Lett., vol. 114, no. 4, p. 042602, Jan. 2019.


http://www0.sun.ac.za/ix/?q=tools_jsim

Semi-custom AQFP design flow
o

Simulation, . . SystemVerilog
data processing| == Y = |models, timing models
scripts GA-based & testbenches
place-and-route Digital simulation
(optional)
Cell library| == ulati N —— Design rule checks| =="1.......
(OA format)| = Simulation, optimization, verification (Assura format)] =
~1 I .
stanr | | Smem | jfcabena|  |Puscavavare] o} onvsca wou pryscal | f Lavot e
Overview design Sehareatin generation placement on chip GDS generation
l t o A A A l
Verilog/VHDL T _] = s :
: >ost hesi — Chip arrival & Chip
bedh:s\;igﬂ:'al stiming =" testing < fabrication
Technology file A

& design scripts

=] Cell library
== | (Liberty format)

== | Measurement
m= {scripts

Circuit database, configuration files,
@ models, scnpts‘ etc. developed in this
wark (or in previous works)

. Open-source software U Developed in this work (or in previous works)

C. L. Ayala et al., Supercond. Sci. Technol., vol. 33, no. 5, p. 054006, Mar. 2020.

D Cadence Virtuoso environment

Verilog/VHDL Schematic Digital Sim. Layout
always @(data_in, sh ctrl, sh amt)] « « B o « & E
case(sh_ctrl) 1 ..., [ooms oo o L:.J -
2'bee : data_out = data_in << { * z : = "
2°bel : data_out = data_in >> | s-emmp’ St (e | ___:" ::j: "
2'bl1@ : data_out = $signed(dat Rl F" W wE w
2'b11 : data_out = $signed(dat{ , LI . | ¥ |. ‘ P FET) g e per pe
default : data_out = data_in; T T 0 o L |_| J
endcase < f - fe B z 1 D [ ,
|
end LT | ) l|!t||!=|\gtl




Towards AQFP microprocessors: MANA
.

: UNT |
Instr. - |Enueted Control Buffer Pipeline I pges
Mem — | SPECTRUM
= <2 Superconducting Microprocessors?
Instr.  XWREN CTR1|:-3 S § Turns Out They're Ultra-Efficient
10k |(serial) — 7y TN ST R
T i I “ -.'v'~.l‘rr(1x-l iv,w 1"‘lx\-'l«lj‘."t*l::ll:i:."\' “"\\‘lfl. '(T‘.; "‘1 T ~:‘1 1::1‘1\\'“:;'!'.]
Tl = 'SNPC[1:0] IMM(3:0] tis seinconclofion brellmpar, eve Moouiting fa
2| | 4x16b [ 3} N
= 4 4
Il 1B lwi, |, | & == > w
S —7- » T |RABO A3:0 L
5 NPC Instr.” - [3:0] 16x4b [3:0] =1
5 2 e g 4 RF 4 I'_l'll
WREN S 7> 7> 20
S | RE3) B[3:0]
|| PC & |13 -
IFetch | 5500 — 1 A wrot 1 Respo 4, =
WBDONE 4 [3:044 771,
(4

XIXO,XIOCTRL[1:0] (10),

] ] y v  S:stall bit to notify stall sequence ¥ T C
MANA instruction formats: RESDBG NPC: next PC addr for IB E ﬁé )‘. E H

EREEHLNEAAAEANAND [3:0] OPCODE: opcode of instr.

SINPC|_OPCODE | TMM RE__| Immediate format D immediate velue |

SINPC] OPCODE |~ BRCUMPADDR ] Branch/jump format RA: reg adar P &ddt ARBAE xm &M ATV D
SINPC] OPCODE | _RA__L RB_JALU format RB: reg. B addr. (also destination) ®H%1/2000ic

S N& OPCODE SOPIAMT RB Shifter format SOP,AMT: shift opcode and amount BF 3322 5 — ONBE WA

SINPC] OPCODE MEM Memory access format ~ MEM: Mem. addr. for data. . _
MANA - Monolithic Adiabatic iNtegration Architecture ho®a 5 & & 2

o Goal: Demonstrate AQFP can do both logic and memory
o RISC-like datapath + dataflow-like control
o 21,460 JJsin 1 x 1 cm? chip; 30 fJ/op at RT @ 5 GHz




Cryptography: hashing

12

In what application can we leverage SCE

technology today?

o How about cryptography — hashing?
h:{0, 1}* — {0, 1}" Input message Output digest
Input: “message” arbitrarily long binary input (arbitrarny Iong) - (N-bit)
Output: “digest” fixed length (n) binary output ) )
O Igeally agunique signaturge fo(r t%e inpl?t/ mest),age
Similar inputs = dissimilar outputs
Ideally difficult to reverse engineer input using
output

Uses: Architecture implementation properties:

5 O(1) data structure in programs (Hash Table) o Data feedback is typically well-controlled

- Digital signatures o Control is simple, usally defined as fixed

- Encryption/cybersecurity rounds/iterations (counters)

o Cryptocurrency o Usually, no need for centralized memory during

hashing



Secure Hashing Algorithms (SHA)

Ill[l'ﬁ}-'ﬁ"——’_‘—llllli"

EEUEE =

Year Operations Collisions m 16b X 2 mputS — Al

Found? = T SRR N ﬁ;:

SHA-0 1993 160-bit 160-bit  AND, XOR,OR,  Yes (< 2% - | i wti o R
ROT, ADD32 evaluatlons) """"""" |

SHA-1 1995 160-bit  160-bit AND, XOR, OR, Yes (< 263 ; e

ROT, ADD32 evaluations) il ol Cj

§ g — [

SHA-2 2001 256-bit  512-bit AND, XOR, OR, No (2128 ! ; E:.L

(Bitcoin mining) ROT, SHR,ADD32 evaluations) | €| HiRileiE i imiis (Rsivrmss Cx ]

SHA-3 2015 256-bit  1600-bit* AND, XOR, ROT, ~ No (2% ikt i) A | ':"—ﬁ
(SHA3-256) NOT evaluations) |;|| i BRI R |

SHA3/Keccak (“Ket-chak”) algorithm won the NIST hash function competition in 2012 o A 1 7b wftpm N

/Plllflrf_—rdf[LH*“_I—]L—nw N

16-bit AQFP Kogge-Stone adder
component [1]

= QOOd candidate for implementation- [1] T. Tanaka et al, “A 16-bit parallel prefix carry look-ahead Kogge-

Stone adder implemented in adiabatic quantum-flux-parametron logic,”
I[EICE Transactions on Electronics, vol. E105-C, no. 6, Jun. 2022.

SHA-3 is paramterizable®, simple, and modern




Measurement of SHA-3 permutation block

TP U U U U UUUUUUUOI
Power divider
Deserializers

Round
Counter

- AQFP CRYPTO C

- Bitwise XOR
Permutation Functions

IAS-YNU HSTPAOOS

7 mm

- Serializers

Voltage Drivers

le’ nonannn

AC1 Input M

Permute Out

Chip AC Mar- Max. Freq. Permute Shift Register

No. gin (%) (GHz) BER BER
1 +16/-12 7 10—* 10~ ""
2 +12/-12 45 10~* o
3 +14/-12 5 104 1018
4 +12/-10 4 1072 1077

Permute Out

(1=0 b=25 r=16 c=9 n=12)

JJ count: 13,008 JJs (state size=25 bits)
Chip: 7 mm x 7 mm, 48 pad

Active circuit area: 5.0 mm x 5.6 mm
Maximum operation: 7 GHz

AC margins: +16% / -12%

superconductor circuits,” DOI: 10.1109/isvlsi61997.2024.00106

“YOKOHAMA NATIONAL UNIVERSITY” -- ASCII input converted to 224-bit binary  (p.d.u.)

N M T Ty
e e IR

0

T|me (ns)
0 (theta] . p(rho) & (pi) X (chi)

b b 1o hoanbl n

n25 blt state after X 12 rounds UVMMWJMJMWLLWMi
65 67.5 125 T

ime (ns)

, 0 (theta) p (rho) &n(pl) : X (chi) ; | (iota)

M TN

25-bit state after X, 12 rounds UMMMMMM&UMWW&&LUE

3475 350 352.5 357.5

Time (ns)

o Complex test — PyVISA used to help automate experiment

o First +10k JJ AQFP chip at GHz speeds — 4 / 6 chips

o BER rather high on the permutation outputs (10#) at 7 GHz

o BER on debug shift-registers (SR) reasonable (10-8) at 7 GHz

I (iota)

C. L. Ayala et al., “Multi-GHz zeptojoule computing using emerging adiabatic



Limitations of SHA-3 demo

_ 15|
0 State size b is only 25-bits

o Increasing state size and performance requires...

Area efficiency

o Advanced process such as MIT LL
SFQb5ee [1]

o Directly coupled QFP (DQFP) + 11-
JJs [2]

o Novel compact memory

o MAJS+ logic gates

Latency / clock distribution
o Low latency clocking [3,4]

o Power-clock H-tree distribution

Flux trapping

o Detailed analysis and better systematic
moat designs [, 6]

Interconnect drivability
o Boosters for long interconnect

o Impedance matched lines

[1]Y. He et al., Supercond. Sci. Technol., vol. 33, no. 3, p. 035010, Feb. 2020.
[2] N. Takeuchi et al., Supercond. Sci. Technol., vol. 33, no. 6, p. 065002, May 2020.
[3] N. Takeuchi et al., Appl. Phys. Lett., vol. 115, no. 7, p. 072601, Aug. 2019.

[4]Y.He etal., Appl. Phys. Lett., vol. 116, no. 18, p. 182602, May 2020.

[5] C. J. Fourie et al., IEEE Trans. on Appl. Supercond., vol. 30, no. 6, pp. 1-9, Sep. 2020.
[6] L. Schindler et al., IEEE Trans. on Appl. Supercond., 2024, accepted.
[7] IARPA SuperTools research program




Foundations of Superconducting Logic (FSDL)
N

DEVCOM Army Research Laboratory, in collaboration with the Laboratory for Physical Sciences (LPS), is soliciting
proposals for foundational research in superconducting electronics (SCE). SCE is a promising technology for high-
speed and energy-efficient digital circuits, but scaling towards denser and more reliable systems has been slow.
The goal of the Foundations of Superconducting Digital Logic (FSDL) program is to uncover foundational issues
limiting the progress of this technology and to pursue innovative research into overcoming these issues across
topics such as materials, Josephson junctions, flux trapping, and architecture.|FSDL aims to provide the foundation
to enable breakthroughs in circuit density and reliability for future SCE-based systems.

o URL: https://arl.devcom.army.mil/collaborate-with-us/opportunity/foundations-of-
superconducting-digital-logic-fsdl/

o Kicked off: May 2024
o 4-year program with several performer teams

o YNU is on a performer team led by UC Riverside (Prof. Shane Cybart) along with
partners at University of Maryland (Prof. Steven Anlage) and Stanford University (Prof.
Kent Irwin, Prof. Kathryn Moler)



https://arl.devcom.army.mil/collaborate-with-us/opportunity/foundations-of-superconducting-digital-logic-fsdl/
https://arl.devcom.army.mil/collaborate-with-us/opportunity/foundations-of-superconducting-digital-logic-fsdl/

YNU’s FSDL Plans

Flux trapping investigation

o Design and fabrication of SQUID, AQFP/RSFQ and PTL test structures featuring various moat configurations
to investigate the vortex trapping effects.

o Distribute design samples to RF near-field nonlinear microwave microscope (NLMM, UMD) and Scanning
SQUID Microscopy (Stanford) groups.

o Measure flux trapping effects in design samples and correlate with microscopy data.

Circuit editing
o Design and fabrication of aforementioned circuits suitable for focused ion beam (FIB) circuit editing.

o Distribute design design samples to FIB group (UCR).
Modify critical currents, improve symmetry, repair lines, add new nano-moats/pinning sites

o Measure changes (improved margins, reduced offsets, etc.) due to FIB.

Putting it all together

o Leverage microscopy data, electrical measurement data, and FIB-based circuit improvements to establish
new design guidelines to be implemented in next generatlon standard cells.



Flux trapping in an AQFP register file

18
Block diagram and chip photo:

Examples of low-speed test results
a 16-word by 4-bit AQFP register file xamp P

Test results after the initial cool-down

m-bit Input data

HSTPA004 No.2 Address number Corrects
Read decoder B Write decod Read decoder A \‘\“ ‘ l ‘ﬁ‘ i ‘1 L] ‘ 4 11/[1{, Ifou/m ; G4 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 /Addresses
z N\ Tk 13/16
| I T 1T I i uu U | -
th, "t rtbrb w_ wow, d I ra, """ Tar, - z' . o 8 . =' Data 15/16
D-latch v - w, T8, tb, 'z :g. '_% % -:a !. output A 11/16
N L p— LT— " ;
L 1} - 14/16
Merger 2] _-_:slv ¥ R = '.'.f 3 4 : i Ei ui ‘; -.‘_ =
- ot o x bt s TERE e x A 2 5 vy B TRE 3 i/ £t
4 S M A T s NHE IR A G Data 15/16
M o o =l B RN Lo NI B output B 8/16
.—‘. - »—:g« :-'.‘-.‘.-.'.—‘.'_-'.‘..-i. .—"'r-'_-;%', . i ,'.-‘.-;.—'.."-_ -.‘-'_',"-.:"",‘1 5/16
UHE L el | B LHHE |
S - 11 AR T T SR P L ST MRt S LN
' — T T R0 g TV Test result after the second cool-down
: U SRt | | ERHEHESS AL
: i o R s IR iy AN M b 8 HSTPA004 No.2 Address number Corrects
o R T et 3 b Vs R T P G4 /Addresses
juns B s S A2 Ty 28 o R B ‘
g . h | ! el 8 et g B et B Ui : ] |
IREES ' o P
B A
m-bit Output data {, /// ////////! \\\‘\ \\\ \\

Data

« With three input and two output ports output B

* Circuit size: 6.8 mm x 6.8 mm
« Total junction number: 6,438 JJs C: correct operation, W: wrong operation, U: unstable operation

Flux trapping substantially affects the circuit operation.



Moat analysis of AQFP OR cell using InductEx

Operating margins of the OR cells with standard and

Standard moat Redesigned moat redesigned moat arrangements

arrangement arrangement

——Standard
——Redesigned

Margins (%)
o

-40
 Move junctions away from moats -60
* Redesigned transformer with internal
moat X-axis represents the 4096 possible trapped fluxon

configurations in terms of a 12-bit binary sequence to
represent fluxons trapped in moats F1 to F12.

L. Schindler et al., IEEE Trans. Appl. Supercond., 2024

Only simulation — experimental validation in progress




FIB Circuit Edit Examples

OUTPUT PAD

SELECT

Typical logic test circuit with MUX to select which logic output to observe on single output pad
— FIB-based circuit edit used to troubleshoot logic errors from MUX failure.

Design error in ac network of AQFP circuit — FIB-based
circuit edit used to repair disconnected line

Microscopy used to pinpoint if failure is possibly due to flux trapping. FIB used to create
additional post-fabrication moats to improve operation.



Current progress: SQUID design for flux trap measurements
o

Schematic and layout of 1KP SQUID design

Ibias Vbias

Cross section of AIST process
Aiwiing tickhese Si0z insulator thickness 0
400 nml CTL s o . IC =100 HA

cc cc 1400 nm 12 pH . _

300 nm | cou Si02 o X symmetric DC-SQUID

BC SiO2 Jc IOx BC sio  BC [300nm
300 nm | BAs LI JJ BAS == —

GC RC RES RC e :[:300 -

300 nmT Ground plane (GP)

Si Substrate

HSTP (J, = 10 kAlcm?)
1KP (J, = 1 kA/cm?)




Current progress: SQUID design for flux trap measurements
%

22 types of SQUIDs with different moat structures

1. Pre-moat
2. No moat
3. wH//4.w++
5. d+//6d++

8. Point moat

12. in-moat

14. Only in-moat
15.0nly in-moat2
16.in-moat point

21. JJ moat

7. 2-layer

9. 2-layer point moat
10. 2-layer W+
11.Point moat y

13. inmoat2

17. U-moat

18. U-moat d-
19. U-moat in
20. U-moatin 2

22. JC moat

!7!='-

1KP Chip design with 220 SQUIDs
..

THEPTD

1P P Ill-l i
bl U 01t JH& L1,
1P I 1 PR P 1
s &0k LIx S0k X0 ]
bl ol Ll ol X[ ]
el h o lh Rl 4 S h R[5
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bl i %l i Rlp
Ll s &2 d0s &2 ]
T ol g L0d g L[
dld 0% LIt Foe LIL
g o ld (4 S04 A0 4
T 0% EIL S0k LTl
1P P 1 P P Y P
ks Uk RIL S0k R

R d A0 R[4 L0g R[4
IIl;I;I. L a i dl4 ]
L e &8 dls 414 ]
il ol Ll Sl L[4
PRI P PRI

III-I | h 3 III-I raray

FLilprag=]

Resistors for creating a temperature gradient



Current progress: SQUID measurement results
.

Ibias test
[+
Icopin copout
IV Curve V-® Curve
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Current progress: AQFP shift registers for flux trap measurements
B

Layout of 10 AQFP shift registers for HSTP AQFP shift registers with different moat structures
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Current progress: AQFP shift register for individual flux trap measurements
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® Only one "1" is sent to the shift register. All others are “0".
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Current progress: AQFP shift register for individual flux trap measurements
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Circuit simulation results
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Current progress: SFQ shift register design for flux trap measurements
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Similar circuits will be done for MIT LL 8-Nb layer SFQ5ee process




And if we solve (or meaningfully mitigate) foundational challenges
In superconducting digital logic?



Hybrid RSFQ-AQFP Transport Triggered Architecture (TTA)
I
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TTA [4] shown to have
performance and power
advantage in post-
quantum cryptography
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control network

Network Controller

SFQ'based 4 applications over RISC-V
routing switchg SFQ-AQFP /
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EANIESA Lag o Register Bank 1 Register Bank 2 Comparator Constants InterfEce
More investigation needed for
AQFP circuits: TTA execution units and distributed registers hybrid design of large-scale
SFQ<->AQFP interfaces: Interface between SFQ/AQFP circuits, SerDes [2] RSFQ-AQFP systems.

SFQ circuits: Long distance interconnect network and routing [3]

[1]C. L. Ayala, in Superconducting SFQ VLSI (SSV), 20152019 [2] Y. Hironaka et al., [EEE Access, vol. 10, 2022. [3] A. Fujimaki et al., IEICE trans. electron., vol. E97.C, no. 3, 2014. [4] H. Corporaal and P. van der Arend Microprocessing and
Microprogramming, vol. 38, no. 1, pp. 53 -60, 1993. [5] L. Ak¢ay and S. B. O. Yalgin, 2021, DOI: 10.3906/elk-2003-27



Towards practical applications
B
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[1] T. Tanaka, IEICE Trans. Electron., doi: 10.1587/transele.2021SEP0001 B
[2] N. Yoshikawa, IEICE Trans. Electron., doi: 10.1587/transele.2018SDI0003 B £

[3] N. Takeuchi, Optics Express, doi: 10.1364/0OE.392507 ] ]
[4] C. L. Ayala, ISVLSI 2024, doi: 10.1109/isvIsi61997.2024.00106 Large-scale SHA3 AQFP crypto chip Fully homomorphic encryption

[5] O. Chen, IEEE Transactions on Emerging Topics in Computing, doi: 10.1109/TETC.2023.3330979 (1cmx1cm)



Questions?
T
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