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HYPRES QD
A Complete Superconductor Electronics Company

d Integrated Circuit Design (Cadence-based suites)
d Integrated Circuit Fabrication (All-thin-film process)
 Multi-Chip Module Integration

 Cryopackaging and Interface Electronics

 Final Assembly and Test
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HYPRES: A Brief History 00

(X) HYPRES
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1983 1989 1995
The Beqginning New Ideas Consolidation Focused Growth
> Nb/AIOx/Nb JJ Fab »RSFQ > COTS Cryocooler > Digital-RF
© A , Cryopackagin
> Innovative ‘spray » Ultrafast Digital Logic y- P g. -g » System Integration
cooling of chip Circuits » Variety of Digital and Infrastructure
. o Mixed-Signal ICs . .
» System Integration > Analog-to-digital Demonstrations » All Digital Receivers
> Award-winning Product converters: Flash and S pri Vol (ADR) and Transmitters
rimary Voltage .
> No clear goal > No pull from small »Commercial Wireless
instrumentation Market Communication

Market



Commercial Product 00

Commercial Primary Voltage Standard for Metrology

HYPRES

1cm x 2 cm 10 Volt Chip with
5ppb accuracy
(23,000 Josephson junctions)

Cryocooled Voltage Standard System



Expansion Strategy

Low-noise Amplifier Iq_

Power Amplifier I<_
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Digital-RF
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Quantum
Computing

Digital Readout of
Cryogenic Sensors

High Performance
Computing




Unique Features of Digital Superconductor Technology ®

Single Flux Quantum (SFQ) logic is the world’s fastest

O Ultra-High digital logic speed (Devices ~10 to 100X faster than semiconductor,
demonstrated at >750 Gbps)

10,000X lower than semiconductor technology

J Ultra-Low power dissi pation (Switching energy ~ 2x101° J, 5x103 k,TIn2 @4K, Power
dissipation for large scale IC ~ 1 mW)
3 Fundamental Iinearity using Conversion between analog and digital domains through
: : g flux quantum (@, = h/2e) is independent of circuit
magnetic flux quantization parameters = High-SFDR ADC and DAC

Receiver System Noise Temperature Tg~ T,

- Extremely low noise (Thermal noise contribution is essentially negligible)

Low-impedance superconductor interconnects have

O Ideal interconnects negligible loss, dispersion and crosstalk = speed-of-light
transmission in LSI circuits, no RC delay

~ 100 times better than semiconductors

(Low cross-section thin film, Large density of carriers,
Nb junctions are polycrystalline - not sensitive to point
defects or weak disorders)

O High radiation hardness

Result: Digital-RF Technology
High-fidelity, wide band, high sensitivity digital representation and high-speed digital
processing of RF waveforms - “RF DSP”: channelization, true-time delay beamforming,..........




Zero Resistance

T>TcC

T<TcC

Superconductivity
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Expulsion and Quantization of Magnetic Flux

£
Bo

T>Tc
(AT ROOM TEMPERATURE)

T<Tc

(IN CRYOCOOLER)

T<Tc

® = [B,dA =nd,

@, = h/2e =2.07 mVeps
=2.07 x10-®™> Wb

Single Flux Quantum

(SFQ)




Josephson Junction Devices

Active component (switch) in superconductor electronics

Supercopductor | < IC
re JJ stays superconductive
Thin .
Insulator I= IC Sln((l))
Superconic
uperconauctor
1> 1,
JJ goes resistive and passes
v magnetic flux through
IC
__X_> q)o T:®O/VC

Josephson Junction Memory cell



Josephson Junction Behavior 00

Picosecond waveforms and time responses

70-80’s . I Voltage pulses
\< (picosecond fr(_)nt,
? “111

A4

< % 90°’s - A\ SFQ pulses with

guantized areas |
(picosecond front and |
tall) :

RSFQ Logic

@ " / Jvdt =@,
— - Adding a shunt resistor allows the
generation of separate SFQ pulses




Voltage-State Logic (Latching Logic)

00

] Basis for earlier Josephson computer projects at IBM
and Japan (through ~ 1990)

[ Uses hysteretic (high Q) Josephson junctions
d Logic “0": V=0, Logic“1": V>0
» Switched with current injection or flux coupling

 Problem: Resetting into V=0 state requires waiting for
time ~RC for ring down to occur

 Limited clock speed to ~ 1 GHz.

 Large-scale ICs demonstrated, but no longer actively
pursued.




Single-Flux-Quantum Logic (Pulse Logic)

d RSFQ (Rapid Single Flux Quantum)

00

» Invented by Mukhanov, Semenov, & Likharev at Moscow State

University (mid-80’s)

» Dominant approach for superconductor electronics worldwide
 Requires damped non-hysteretic junctions (Q~1)
d Based on transmission and storage of single quanta of

magnetic flux

» Logical ‘1’ or ‘O’ defined by presence or absence of SFQ pulse

during clock period
» Clock also defined by SFQ pulses

 Ultra-low power dissipation
» Energy/SFQ pulse ~ |.®, ~ 2 x 101° J

-~
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RSFQ Basic Convention 00

RSFQ - Rapid Single Flux Quantum

/ * CLK \
IN : — OUT
PR
“1‘"/\ "!
V(t) o \ﬁ
I ou}\
\ TIME

Logic “1” - presence of a data SFQ
pulse between two clock SFQ pulses

Logic “0” - absence of a data SFQ
pulse between two clock SFQ pulses

Synchronous pulse coding
of information

S

Both Data and Clock are SFQ voltage
pulses V(t) with quantized areas

Jvdt = @, = h/2e = 2.07 mV-ps

SFQ

pulses



Speed of RSFQ Circuits

V

[Vdt = @,

d SFQ pulse height: 2I_R
d SFQ pulse width: 15 ~ ®y/2I.R = n(L,;/R)
d For Nb junctions, ultimate limit 155 — 0.4 ps

d For complex RSFQ circuits, fg . ~ 1/10 tgeq
» Maximum Clock Frequency for Nb VLSI ~ 250 GHz



JJ Characteristic Times and Frequencies 00

 Linear Model of JJ: Parallel LCR Resonator
> Three characteristic times: L,/R, RC, V(L ,C)
» Resonant frequency: o, = 1/\/(LJC) (also called “plasma frequency, @,"
» Quality factor: Q = o,(RC)
» Junction damping parameter: .= Q2 = (RC)/(L,/R) = 2nl R?C/®,,.
>

Underdamped case (Q>1): small oscillations at w,, damp out slowly in
time ~RC>L,/R

» Overdamped case (Q<1): damped motion dies out smoothly in time ~
L,/R>RC

» Critically damped case (Q=1, .= 1): Fastest overall relaxation with little
ringing, all three time constants are equal L;,/R = RC = 1/w,)

4 For ideal JJ with V, = |_R, = nA/2e ~ 2.2 mV for Nb,

Ly _ @ 1 _ 1P _14eP 1 N 4450
R 2nl.R 2nV., 2nm2Anp, 12 2ANp ]

’Co—

“Introduction to Superconducting Electronics”, Kadin, Wiley, 1999




Device Scaling 00

Properties | 1st Gen | 2nd Gen 3rd Gen 4th Gen
JJ Size (um) 3 1.5 0.7 0.3
J. (KA/cm?) 1 4.5 20 100
Max. DFD 500 >1000
Frequency 120 240
(GHz) (395 @ 0.8 um) | (750 @ 0.25 pm)
Max. VLSI
Clock (GHz) /\20-25 40-50 80-100 160-200

All pre‘vious work
in detector readout
electronics




Switching Energy: CMOS vs JJs Q0

JCMOS or any other charge-transfer based
devices (SET, molecular transistors, etc.)

»~10° kg T In2 switching power
»~10° kgT In2 if interconnect is local (e.g. 3D circuits)

dSwitching energy per JJ — SFQ switching
> ®y1,~0.2 aJ
» 5x103 kgT In2 at T=4K (70 kgT In2 at T=300K)
» With interconnect: 5 @41, ~ 1aJ
» This is ~ x100 better (x300 then 22nm CMOS)

Fundamentally, SFQ circuits can get this
2 order of magnitude improvement!



Superconductor Electronics for Detector Readout Q0

Desired Features Benefits of Superconductor Electronics

Hiah time resolution Fast switching devices (sub-ps), low-jitter clock
2 (~fs) and digital counters (100 GHz)

Radiation Hard




Analog-to-Digital Converter (ADC) 00

SQUID Single Flux Quantum
Current Bias (SFQ) Pulse Train
l Lol repige = TWO different front
Counter ends with 1pA and
Analog e 4uA sensitivity were
Input SQUID deve|oped
\ J The transformer has a
Feedback 120:1 turns ratio
coll > 4 nA/LSB @100 MHz ~
250e

 Full scale range and
o bigial periodicity of front
) "7 Counter end can be adjusted
| for different
applications




Analog-to-Digital Converter (ADC)

Signal and Time Digitizers

Analog
Input

Readout
Clock

ADC

| Front-End

Digital

> Counter

vV Y

v

Digital Output (ADC)

00

Time-to-Diqgital Converter (TDC)

TDC

Reference

Clock

Hit
Input

Digital

TDC

| Front-End

=>Counter

—

v

Digital Output (TDC)

ADC: Periodic counting of aperiodic stream of pulses
TDC: Aperiodic counting of periodic stream of pulses




Instruments: Time Digitizing System ®

- Multi-hit time resolution = 30 ps
» 4 ps with analog prescaler

 9-word 16-bit multi-hit buffer

 Applications: Nuclear Physics
Experiments, Instrument
Calibration, Direction finding

5mm

ST~ ST WONE T | O [ g T

8 mm

Fully assembled °* _
VXI control LabView Based

electronics GUI
Funded in part by DOE 1999-2001 ® HYPRES




Instruments: Dual-function Digitizer ®

7

O 14-bit digitizer operates as TDC and/or ADC

O Application: Simultaneous time-of-flight
and energy measurements for particle
detectors

 Features:

» TDC: Multi-hit time resolution < 30 ps
e §e EFEE BEE

» ADC: 1-100 pA full-scale with selectable 8888 AAAA AT
sample rate (4 kHz - 400 MHZz)

» Interface: VXI (PXIl under development) with
LabVIEW based GUI for data acquisition and
control

» Power dissipation per channel <250 pW
» Four channels integrated on 1 cm?2 chip

<7
F e

2B

S. Sarwana, D. Gupta, A. F. Kirichenko, T. Oku, C. Otani, H. Sato, and H.M. Shimizu, “High-
sensitivity high-resolution dual-function signal and time digitizer,” Applied Physics Letters,
vol. 80, no. 11, pp. 2023-2025, March 2002.

Funded in part by DOE 2001-2002 ® HYPRES




00

Dual-function Diqitizer Dual-function Dual-Output Diqitizer
Digital Output
(ADC or TDC) Digital Output (ADC)
A s
Analog |
Input Anal c ADC
e | s s ot Sommen te—l owna
TDC Front-End E P |~ Counter
Ref L | Common
ererence . Digital Readout
C Counter
Readout . I) TDC Hit Detector TDC
Clock R Reference > Digital
o] TDC > Clock » > Counter
Hit Front-End
Input 1
Mode M

Select Digital Output (TDC)



High-Resolution Time-to-Digital Converter (TDC) 00

I
ol " el
External I FINE TDC 1 COARSE TDC |
HF clock I 1! I
> 1 + i 1 I
. I | N-bit DRO counter | |
: Analog I : I
. 1 T T T T T

L preseaer | nMTT e AT
> " ; \ A A 4 : ; [ | |
I 1] :
| ([ I
! Multi-Hit 1! Multi-Hit I
Common Signal : Buffer : : Buffer I
> I P :
| ([ :
| 1! 1
| 1! I

I I
Read-out Clock I.______I____.!I.__I __________________ I_'

Parallel-to-Serial converter

- <
Channel Output

d Coarse TDC: Counts clock pulses (time res. = 1/f_,,)

» 2"d Gen digital counter works up to 120 GHz with on-chip clock
(ERSFQ proven up to 67 GHz with external clock)

 Fine TDC: Divides clock period into n intervals (time res.
= 1/nf_,) using an analog vernier
» ~6 ps resolution obtained with 1st Gen process (f., = 20 GHz, n=8)




Dynamic-And Prescaler (2" Generation) 00

Anti-parallel Time Vernier Signal Clock
cioa @ Us O e
ock
_ G— - E@‘M "
AND Symbol Dynamic-AND Schematic
A _WW A =
A&B @: A&B | a
B W B
X |
R |
B Anti-Parallel clock and signal S .
. —
propagation
—
B Output pulse generated when
signal and clock almost *
simultaneous (within gate delay) K
E The internal AND gate delay set

large enough so at least one gate
always switches.




2 versions to Test Dynamic AND Prescalers Q0

* 5 0OYoueither race a SFQ

~—  pulse against the next
one (next clock) or split
a single clock and race it
against itself.

#==- . (1 You can distort the

= shape of the inductor to
distort the SFQ pulse
shape and width and
hence adjust the
aperture time.




Energy-efficient Rapid Single Flux Quantum (ERSFQ) Logic ®

dDissipates less than one attoJoule (1018 J) per logic switching
LNo static power dissipation

Already developed and proven RSFQ designs can be easily
converted to ERSFQ by replacing bias resistors with L-JJ chains

DC bias current (same as in RSFQ)

dTotal power dissipation is I,-®,f,,, where I, is total bias current and
.. 1s clock frequency

C
Even at the maximum speed (~ 500 GHz), the total power dissipation
IS 20 times less than in RSFQ

Requires relatively large (~100pH) inductors, that consume extra
space (can be dealt with an extra wiring layer)



ERSFQ 00

dc Current

Clock

O Complete elimination of bias resistors
0 No change to RSFQ cells functionality
d Bias inductance value is L, = ®,/d1 ,

where 3l is highest tolerable bias current

fluctuation
 Power dissipation is P = I,-®,f,, L,




ERSFQ 20-bit Binary Counter 00

R R R R R R EE S
;"u ~ 5 e w (5] i 5] w5 i

- - E_“f"{ ‘FRIRTRI BRI IR I IR IR IR It i T E I I
b g O 1 g A R A B O T I R N R N D R B R I

T b

B An ideal circuit for verifying ERSFQ approach, - each TFF works at its own
frequency

B Works at 23 GHz at nominal bias current with +/-16% margins
E Works up to 67 GHz at higher-than-nominal bias
B BER is the same as in traditional RSFQ counter ( < 1012)

30 GHz
HF > Double-rate SFQ
Generator converter
I\ iso GHz
Sync ]
20-bit counter
60 KHz
\ 4

LF 60 KHz .
Generator Reference signal




ERSFQ vs RSFQ Flux Counting ADC 00

3 Event Memory Buffer / 14 Bit Counter 1 Event Memory Buffer / 11 Bit Counter

RSFQ (uW) ERSFQ (uW)
Digital Logic (Normalized) 100 1.7
SQUID Front End (Analog) 4 4
Input/Output 35 21
Total 139 26.7

Funded by DOE Phase | SBIR “Low power radiation hard ADC for detector readout” (Award # DE-
SC0004398),



Digital Detector Readout

» ADC can be placed next to a sensitive detector

» Produces no noise in idle mode
» Can be instantly turned “on” with arrival of signal from the detector

HF clock dc Current
c Ih
Switch . ERSFQ Voltage source
V=t @,
on | 1 ! Superconductor
power bus
o ) Sampling strobe
Signal Sensitive <
Event Detector L SQUID > ADC » Digitized output
guantizer
A
Reset (init)
: ERSFQ with
One Full Channel /16 Bit Counter /9
RSFQ (uW) ERSFQ (uW) Event Detector
Event Buffer

(pW)
Digital Logic (40 GHz) 368 3 0/3
SQUID Front End (Inactive/Active) 4 4 0/4
Input-Output (Inactive/Active) 35 21 2123
Total (Inactive/Active) 407 28 2/30




Long Josephson Junction Clock Source 00

- TR F T ::: —
i

Q=0.9x106@ f = 10 GHz

Q=13x10°@f=40GHz  Q=4.8x10°@ f = 36 GHz

Tiitter ~ 9fs

Long =t
Josephson o T

Junction

X-band
BPAY ADC

\ 4

X-band BPAX ADC with
On-chip Clock

1) D. Gupta and Y. Zhang, “On-Chip Clock Technology for Ultra-Fast Digital Superconducting Electronics,” Applied Physics Letters, vol. 76, no. 25, pp. 3819-3821, June 2000

Ka-band BPAZ ADC with
On-chip Clock

2) Dmitri E. Kirichenko and Igor V. Vernik, “High Quality On-Chip Long Annular Josephson Junction Clock Source for Digital Superconducting Electronics" IEEE Trans. Appl. Supercond., vol 15, no 2, June 2005



On-chip Clock Sources Q0

O Long Josephson Junction (LJJ)

Time-to-Digital

Oscillators ( Converter with On-chip
- LJJ Clock Source

O Linear and Annular LJJ with single
and two-phase SFQ clock streams

demonstrated? oF S
» =850 GHz
0 Q =4x105- 1.3x108 ol

» Time jitter = 50-60 fs (measured by
University of Rochester?)

i

i i sl wlr.
b

HL—HL-FE:“FLFH Funded
W e in part by

Annular LJJ |
1. 1. V. Vernik and D. Gupta, “Two-Phase 50 GHz On-Chip Long Josephson Junction Clock Source,” presented at

ASC 2002, to appear in IEEE Trans. Appl. Supercond. June 2003
2. J. L. Habif, C. A. Mancini, and M. F. Bocko, “Measurement of Jitter in a Long Josephson Junction Soliton HYPRES

Oscillator Clock Source,” IEEE Trans. Appl. Supercond. vol. 11, pp. 1086-1089, March 2001.




100-GHz On-chip Clock Source 00

(b) 80-96 GHz LJJ Oscillator

fo /2"t fg /2"

n-bit Frequency Divider

Control (Bias)
Current

Phase-Locked Loop ¢ Jom
clk



Phase-locked Loop for LJJ Clock 00

Active Active Passive

Signal conditioning



Digital Time Multiplexing Scheme 00

Frame
CIOCk (fframe)
—SQUID— JTL > v ,
|3 Q s | ADC Sampling
p | 21 Clock (£, )
Analog Input .4\— P
From |2_—' SQUIDfF—{ JTL [—— v
Array ] (| S, |
of m
Sensors ¢ ;
| ——SQUIDI—{ ITL |2 !
N Sn YT/ ————— ,
« . Serial ADC
| y |
|
: N-bit Fluxon Counter i
f,eadZNstamp : HEEEERENENEN! : Digital
' Parallel-to-Serial (N:1) _I_'I
fsamp =m Xfframe : I OUtpUt
- 1 ________ I (O])

Serial Readout
CI OCk (fread)



Frequency Multiplexed Detector Readout 00

L

(O]

[ ..

E Deseria Dg/lltaal -|-4 =50 K
'c% 1L Drivers

é) 7y Resampler

7]

C

s

|_

u -

- Thermal Link T,=30K
(@)

© .

c ~ Digital RF .

< Transmission Line 1 hermal Link

Bigiiel Deseria

lizer

o/P
Drivers

NASA Phase | SBIR 2011

* o000 * 00 T, =100 mK
Sensor Array with micro-resonators




Methods to Decrease Cryocooler Heat Load 00

 Three Major Contributors
» Power Dissipation of Chip
» Heat conduction and Joule Heating in DC Cables
» Heat conduction through high-speed digital data lines

 Power dissipation of chip reduced by eliminating static
power dissipation in conventional RSFQ: ERSFQ

- Contribution of DC Bias Cables reduced by

» HTS Cables: 16x better than metal (measured, ONR SBIR), further
reduction possible with dielectric substrate

» Serial biasing (“current recycling”): 8x reduction proven (ONR)
 Contribution of data lines reduced by HTS ribbon cable



Digital-RF Receiver Concept Q0

 Direct digitization of RF signal
» No analog down-conversion
» Wideband ADC (high sample rate, high dynamic range)

 Digital processing of digitized RF signhal (RF-DSP)
» Ultrafast digital logic
» Polyphase digital processing

 Digital switching and distribution
» Partitions ADC/DAC and RF-DSP

4 Hybrid Temperature Heterogeneous Technology System

» Different technologies (superconductor, semiconductor,
photonic, etc.) at different temperatures between ambient and 4 K



Digital-RF Receiver

Analog : Digital
Band-1 |
Y I
ADC-1 —
Band-2 :
| '
LNA ADC-2 —
|
|
Band-3 | MxnN
[ ' Digital
. BPF ADC-3 [ Switch
- Matrix
:
|
|
|
|
Band-m |
L Canceller H ADC-m |-

00

\ 4

Digital
Chann-
elizer

\ 4

Demodulator

Communication
— (Voice, Data,

Video, ...)

\ 4

Digital Cross-correlator

— Signal ID, EW

\ 4

Digital

Secure
— (LPI/LPD/AJ)

Data Link

Dehopper/Despreader

\ 4

Digital Spectrometer

Spectrum
— Management

and Control

Room-temperature Electronics

i
Superconductor Electronics i
|




HYPRES Digital-RF Program 00

Digital-RF Transceiver Technology

System Integration &
Infrastructure

1
= Interpolation Filter

| |LPPMD A QRQ i || Cross-CorreIa@ — Cryopackaging Predistorter
L1 Encoder, Switche
] BP A-X (5 GH || EI aCM MCM Amplifier
| Channelizer Interface Bumps

—  BPA-X(1GHz

Receiver

SPAWAR

= Phase Ill: OSD i
Autocorrelaﬂor‘@ | ADR: Fab Upgrade &—— > | | HF Predistorter PID

: Digital Amplifier Chain
Spectrometer Complete System Integration g >

|| X-band BP A=
QA +PM-DCATS JRONR-3L J SN SPAWAR
L k16 Roceiver | ADR Version-2 | PA Predistorter
Ka-band BP@ - CECOM+SPAWAR
A-X (20.7 GHz || Compact Cryocooler @

— HTS Cables (Cryopackaging)
|| Deserializer + @ — Digital Doherty P@
| Multi-bit A-2 (X & Ka) Polyphase Filter — Switch Matrix @
SPAWAR
—  Analog MEMS filter — 2"d Gen. Channelizer L1 Multiband SATCOM Architecture
— Completed

Cryogenic LNA | | Spectrometer +Multi-
band Receiver In Progress
SPAWAR PEO EIS SPAWAR M ADR-7

— Detector Readout




Elements of Digital-RF Architecture

00

Nb-
M'_EMS X-band 7.5 HLTS dDC
Filter & 95 GHZ) eaas
InP
HEMT LP Clock SiGe DAC
LNA Subrang
ing AD _
Ka- ing ADC >nd Gen CM FPGA Sliding
band LP QRQ | Comm (2.5 1/Q Mixer Intearation Goertzel
SQIF ADC GHz) +Filters g Correlator
Power il Cryo- FPGA Fine
Am e SiGe Channelizer
P SQIF Amp
Digital . SCE-
Analog RF ADC Channeli ||  SuPporting RTE Room-Temp
technologies Electronics
zer Interface
— 7
Original HYPRES DigitaI-Rﬁ Program

Expanded HYPRES Digital-RF Program

Mature Demonstrated Proven

Developing Proposed



Different Types of Superconductor ADCs

00

Proven Designed Conceived
Superconductor
ADCs
|
v v v
: Sensitive,
Oversampled Wideband
Low power
I
v v y v
Lowpass Bandpass Flash Flux
PMD A AX Counting
s | | ’
oo 15t Order (1 — SQUID-wheel Oég'”nattgrf-
junction — bit, multi-bit) E— _
Quantizer
[ 27 order {Complementary ERSFQ
Quarter-rate By | | Differential
Quantizer ond Order SQUID Wheel
QRQ | Multi-bit
- : L] Time-
Subranging Various bands interleaved
0.85, 1.1, 1.9, 2.6,
4,5,7.5,9.5, 20
GHz




