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Why large area TOA ASICs?



Large Area TOA Applications

Optical rangefinder on-pixel (3D camera)
Fluorescence lifetime imaging microscopy (FLIM)
Fluorescence Correlation Spectroscopy (FCS)

Detection of a scintillation shower upon gamma
photon detection in PET

High energy physics (HEP)
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HEP

« Extremely harsh conditions
— Large ionizing doses, Gamma
— Protons, Neutrons

* Very demanding specs

— TOA resolutions in ns to ps
— Ranges of ys to ms

 Very low dead times
— Events spaced ns
— Gevents/s
« Large number of points-of-measurement

— Thousands to million points

— Large surfaces
© 2018 Edoardo Charbon



Example (Courtesy: Artur Apresyan)

Precision timing for CMS in HL-LHC

« CMS Phase 2 upgrade aims to achieve high precision timing measurements
— In ECAL barrel: new electronics to achiev resolution for 30 GeV photons

— In HGCal: design to achieve @ iming resolution per layer in EM showers,
multiple layers can be combined
— Additional potential capabilities: MIP timing to cover large fraction of charged

particles in the event
« Athin LYSO + SiPM layer in the barrel, LGAD layer in the endcapec
MIP timing up to Inl<3.0

2= Fermilab
7 Artur Apresyan | TREDI 2017



Another Example

 In time-of-flight PET one needs
— A large number of point-of-measurement
— A high timing resolution

« Synchronization is extremely important to enable
coincidence computation and rejection of singles
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TDC Basics



TDC Obijective

START |

STOP T

But, in most cases:

Time scale

FETETE

B I | N I
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TDC Symbol

START
DATA
STOP
N\
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Basic Definitions

* Bin size or LSB — 1 (sec)

— Minimum distance between time events that can be resolved

Accuracy & precision (sec)

— Time-invariant offset

— Time-varying drift

Range (sec)

— Maximum time difference that can be measured
Conversion rate (MS/sec)

Latency (sec)

Non-linearities
— Differential non-linearity (DNL)
— Integral non-linearity (INL)

Single-shot accuracy (sec)
© 2018 Edoardo Charbon 11



Input Non-Idealities

Signals are non-Dirac
— Non-zero rise time
— Non-zero width

START-STOP sequence is not regular

Signals have jitter in
— Time

— Amplitude
Temperature
Supply variations

© 2018 Edoardo Charbon
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DNL, INL

 Integral non-ideality (INL) is the integral of DNL
* Depending upon definition, starts and ends at O
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How to Measure: Density Test

* Poisson distributed uniform START generator
« Measure statistics of TDC measurements per bin

* Normalize to average counts, differences are DNL
points

counts

] — 1 — [, avg.counts

time

© 2018 Edoardo Charbon
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Single-Shot Accuracy (SSA)

* Repeat measurement of single time-of-arrival and
construct histogram

» Derive statistics by Gaussian fitting and calculation of
FWHM or ¢ or 30.

N

.
/ \\

- [T 17711 |
TOA centroid time
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Optical Tests

* Density test: free running SPAD

« Single-shot experiment:
— Histogram Az, i=[1...N]

(time-correlated single-photon counting — TCSPC)

GAPD or SPAD
tT P11 T

DATA

< START
Clock STOP

I

© 2018 Edoardo Charbon
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Figures of Merit

 Power, LSB, DNL/INL, SSA, area
« Temperature stability
 Cross-talk
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Architectures



The Simplest: A Counter

* Resolution: Tt = 1/f,; .
« Conversion rate = 1/latency

START STOP

CLOCK —— DATA

CLOCK

START
STOP [1]

DATA (IDLEX BUSY XVALID)

20



Counter — Regqister

« Advantage: fast counter can be shared among many
HIT lines

» Fast registers easier to build
RESET

CLOCK —[>>  COUNTER

~__—

HIT ——> REGISTER —— DATA
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* Non-Inverting Gates

meaied

Delay Chain

T

N

PP

STOP — |

1

1

1

1 1
Register

0

0

START(®,)

DATA (IDLEX

BUSY

)( VALID )
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Delay Chain

Resolution: T = delay element
Conversion rate = 1/latency

Latency = N X<

Need a thermometer decoder: N»log,(N)
Issues: metastability, bubbles

© 2018 Edoardo Charbon
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Phase Interpolator

* Non-inverting gates T
Clock % l lb—[{ m J+1
1 1 1 1 1 0 0 0
HIT — — Register
CLOCK(®,) |
o, T, |
P, - o
D, |
HIT

DATA (IDLEX BUSY X VALID ) 24




Phase Interpolator

Resolution: T = delay element
Conversion rate = 1/latency

Latency = N X<

Need a thermometer decoder: N»log,(N)
Issues: metastability, no bubbles

© 2018 Edoardo Charbon
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Vernier Lines

Resolution: t = 1, - s
Conversion rate = 1/latency

Latency = N X<

slow

Need a thermometer decoder: N»log,(N)
Issues: metastability, matching
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Pulse Shrinking

Resolution: t =

Trise = Trall

I1se€

Conversion rate = 1/latency

Latency = N X<

slow

Need a thermometer decoder: N»log,(N)
Issues: matching

e > >

Asymmetric rise, fall time

| JL

>

n

START __| N

STOP

D
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Ring Oscillators

* Resolution: T = delay element

« Conversion rate = 1/latency

 Latency =NXrt

* Need a thermometer decoder: N»log,(N)

« |ssues: metastability, matching, asymmetric load
T

T DA O D >

COUNTER

>
START — Uncertainty To extend range
STOP region

R/O signal ’8




Actual Implementation

 Fully differential

« Partial propagation readout
— lower oscillation frequency or higher resolution
— Rise times and fall times doubles resolution

* Invariant load to improve linearity

& &
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Delay Element Implementation

 Uniform rise/fall time
* Bias control used for feedback
» Positive feedback for speed oo

In+ Out+
Out- Out+

VBIAS _|

© 2018 Edoardo Charbon
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Asymmetric Rise/Fall Time

* E.g. Inverter starved cell
* Rise time =V, C,,4/1
« Fall time: inverter delay

e

[N —

]
N

© 2018 Edoardo Charbon
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Semi-Digital TDCs

« Determine time difference based on propagation
through an RC line

R R R R

AW
T ] |

RC delay chain
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Time Difference Amplifier (TDA)

« Time differences are multiplied as in successive
approximation ADCs

* |ssues: gain stability, jitter

Mandai and Charbon , ESSCIRC11
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:] |Pctr|
—>
E Nctrl
Nctrl l:

Bias Circuit

TDA Base Cell
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Bias Circuit

TDA Base Cell
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Fast Behavior
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Nctrl

Bias Circuit

TDA Base Cell

Fast Behavior Slow Behavior
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Vin

TDAIna TDC

Voltage
amplifier

—

X
AN ~ Amplified

/ Vin-LSB <V < Vin  Voltage

residue

Upper bit DAC

ADC

Two-stage ADC
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TDAIna TDC

Voltage

Vin amplifier
X <
\ =~ Amplified \

/Vin-LSB<V<vin  Vollage | ower pit
residue ADC
Upper bit DAC

ADC
Two-stage ADC
(Tdiff=Tstart-Tstop) Time Difference
Tstop 4 amplifier S
/ o X
Tstart <+ =R\ >~ Amplified ™\
- = Tdiff-LSB < T < Tdiff time | ower bit
N\ / residue TDC
Upper bit Delay
TDC

Two-stage TDC 38



Other Composite TDCs

« Counter + Phase Interpolator + Vernier
Niclass et al., JSSC08

* Ring Oscillators + Counters
Veerappan et al., ISSCC11

« Ring Oscillators + TDA
Mandai and Charbon , ESSCIRC11

... and many more

© 2018 Edoardo Charbon
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Stabilization Techniques

* Process, Voltage supply, Temperature (PVT)
variations eliminated using a delay locked-loop (DLL)
In clock phase generation

o l l l H l ||

© 2018 Edoardo Charbon 40



PVT Stabilization in Phase
Interpolators

« DLL running in parallel as a replica of delay chain
» Distribute bias to all delay chains

REPLICA DELAY CHAIN

PFD CP ( LF l
Clock |

NN NN
pabaie

ESporabal f
VRIS s s S

START2 — l l \l : : }
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Nested Stabilization Loops

Clock

PD

T2

SIS NN
ST S SN T

Resolution: T2 -T1 =A

o b
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Metastability in Ring Oscillators

il - Metastability of Latch

|||||||||
---------------------------

Data } >°_— -------------------------------------------------- {>O_

Vg
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Case 1: Monolithic Fully Parallel
TDC



An Array of 20,480 TDCs

« Massive array of pixels comprising
— single-photon avalanche diode (SPAD)
— TDC (ring oscillator type)
— Memory

« Readout
— Frame rate: 1us
— Fully digital

© 2018 Edoardo Charbon
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TDC Implementation

Analog techniques allow greater architecture flexibility

—) D.

i
S
o2 Eig
S B | E D,
B
D:
B% . =
B: Tg T
7 - Bi _ Ds
—R B:|_, p Rippll:‘ Counter
1

VSSose
Single-gate delay means less power, faster transitions

C. Veerappan, J. Richardson, R. Walker, D.-U. Li, M. W. Fishburn, Y. Maruyama,
D. Stoppa, F. Borghetti, M. Gersbach, R.K. Henderson, E. Charbon, ISSCC2011 46



The MEGAFRAME Pixel

Pixel-level 3.1t Fine Resolution

TDC
TUPC

SPAD

7-bit
Ripple

ig TCSPC

Counter

7-bit Coarse
Resolution

|
Global Global
Clock Reset
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The MEGAFRAME Chip

Format: 160x128 pixels
Timing resolution: 55ps

raitl

Impulse resp. fun.: 140ps
DCR (median): 50Hz
R/O speed: 250kfps
Size: 11.0 x 12.3 mm?

TDC

= 10 bits

Ring oscillator (3 bits) + counter (7 bits)

48



The Megaframe-128 Chip

12.3mm

I/O Senalizer

C. Veerappan, J. Richardson, R. Walker, D.-U. Li, M. W. Fishburn, Y. Maruyama,
D. Stoppa, F. Borghetti, M. Gersbach, R.K. Henderson, E. Charbon, ISSCC2011 49



Imager Block Diagram

160 Serializers

ROI Registers
)]
$358QX64 89x64 o[
V%ol pixels | pixels || Q&
=3 S =
||V @ —
S| al| 80 x 64 |80 x 64 || 8|0
O 8 >l pixels | pixels |O =

160 Serializers
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Pixel Architecture

Logic | | Data?

Enable | | Has 10b Mem.

T 7b Counter
ETest*% 1

Ccfius

/?Mode /_f_\—Mode

o) | EEEEE

17

>

Decoder

Therm.

Stop
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Photon Counting

Logic | | Data?

Enable | | Has 10b Mem.

7b Counter

C'ol.lBus""

/_*_\—Mode

=i

>

>

Decoder

Therm.
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Photon Time-of-Arrival

Enable

Logic |

Has 10b Mem.

O

Q

Y

-~
CbI.IBus""

7b Counter

ETest*%

%E% Therm.
s Decoder
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TDC Characterization

INL DNL

3 i : . 1 . 04 i A L ! i
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (ns) Time (ns)

55ps resolution, 55ns range
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Normalized count

10

System-level Timing

Blue laser Red laser
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Column
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Optical Burst Detection

’ : ®  Measured distance
: f f Actual distance
0.8 =l on el - 0.89 —
§ Ad = 0.876: 5
S 0.6} == viflles su w ...... ..... q .......
3 | | |
= t : :
30.4.. - e E
g : |
S
Z ! t : |
0.2 e — e = (e 6 5 R s o v o 0'86 __________________________________
0 : : : : 0.85 ; ; ; ; : |
7.7 825 88 935 99 1045 10 20 30 40 50 60
Time in (ns) Pixel location in column 1
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IR Drop in MEGAFRAME

 If alarge number of TDCs are operating at once, then
IR drop occurs

* As aresult the LSB of TDCS changes in space

* 5 650
1100 - : Expeeted TDC code
1000 - © Medsured: TDC code 600
é— 900 | ' 1
o 800 - - 4550
3
S 700 -
Y
2 600 - - 1500
-
§ 500
2400 - L 450
3000 | ‘
’ 20 g 400
a0 - < 70
60 RN g 80
T =40 as
Column 100 120 - ) =< 20 30 350



Pitfalls of MEGAFRAME

LSB changes as a function of position of the pixel

There is a dependency to brightness that will change
the current absorbed

If a VCO is disrupted, the disruption will propagate
through the array in unpredictable ways

0.25

51 53 55 57 59
TDC resolution (ps)
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You Can Compensate, but...

e.g. A replica of the pixel VCO can be placed in a PLL
but mismatch will dominate the error

i 2500
2000

1500

r 11000 1 : =—@-— 1 column active

09 : =——®— 160 column active
500 87 : 1
07F 1
L NLERE HE0 REE RANR . H L ) § B N0 ARRERNE HRERR I 0~6 i ]
0 20 40 60 80 100 120 140 160 : 7

Column 05
04} :
03F i
02¢f 2
0.1F 1
345 2;0 255 260 265 270

TDC output code
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Case 2: Column-Parallel TDC



Column-parallel TDC Ildea

STOP
START, o lm T me:: I ¥ 3
START g9 190
®
@
]
[ &
START e
START, TR
START, DG
START, TDCy
START, AW TDGC,
TDC
START, — 1
START, —_ & TPCo
I
S o P ®1 P 9
l.m &mV 1 1 1 1 1 1 1
o Mvv Phase
T o Q .m
o O gl m Q
- 85— O
5 9% >
m - =

62
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Column-parallel TDC Ildea

« A single VCO distributing the oscillation to all TDCs in
a line

* Pros

1

(Eg‘o.s
— Picosecond skew among TDCs ;.' 0

— No LSB variability 2-05

— Good PVT control ';

« Cons =2
— Power & buffers create skews (%o

z |

-4'

o

200 400 600 800 1000
Digital code
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Column-parallel TDC Solutions

@) ENDO TOFPET us‘
‘ endoscor TOFPET & trasound

9 x 18 MD-SiPM array

192 TDCs

2102 (SSN) "dwAs 198 "onN 333/ ‘uoqiey) ‘lepue|y
G102 DOSS/ 333/ ‘uogiey) ‘lepuely ‘OpewLe)

: signal pREYRRIra o A

TR




Column-parallel TDC Solutions

@) ENDO TOFPET us‘
‘ endoscor TOFPET & trasound

Joqiqu ‘lepue
2\ ‘onewne)

SiPMs:

The position of the photon detection is lost!

192 TDCs

2102 (SSN) "dwAs
G102 00SS/ 3331

s signal processing
o5



Column-parallel TDC Uniformity

Compensated INL [LSB]

1;92 T[S)C arréy

! o™

20 40 60 80 100 120 140 160 180
TDC address
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Column-parallel TDC Uniformity

16850 ' ' i T ' '
© ‘ﬁ | i 432 TDC array ]
3 16840 g M- : |
S ' : :
T 16830} ]
S - : -
O 16820} | B e e

1 6810L__1staroup E 2nd group E ~ 3rdgroup |
()] [ oo EF ' : o Im o] ‘;J I
UC_)) - 140? iﬂmmmmmimm%mlﬁa% E i lﬁfﬁ;
= S 120l o e g oo ] E'Eéﬂzm;:
& i a® g @@ ob = “a
® 5100Fs = o wmig wnefe B =
QD 'n #EIEFI o - EEF%hEEb sol o o
8) c 80 B =2 b %EE]EI e o - "‘._;:n; i a;lz“. 9, E]%3
[ 3 ap om0 ™ o g ""-_pr.,

60 i

150 200 250 300 350

TDC address
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Column-parallel TDC Uniformity

400 600 800 1000

200

Digital code

400 600 800 1000

200

Digital code

\ Z

Phase

(a)™

[
m._.>_u~._.m
[
START; - &
m._.>_x._.o IM
STARTLUM = &
@ 0 D
S
o l;o =
2o mum S w Phase
© =2 o0 >
m °© S :@ >

repeater
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Column-parallel TDC with Memory

2 mm

-

Features of ‘Piccolo’:

— 32x32 pixels
 FF: 28%
« Pitch: 28um
 PDP: 50% (max); 11% (800nm)
* DCR: 60cps/pixel
— 128 TDCs
LSB: 49ps
Range: 400ns

Sm

3

Output: 5.12 Gbps (244 Mphotons/s)
DNL/INL: +/- 0.15 LSB
SPTR: better than 90ps (SPAD dom.)

L10Z MSII “le s Jsupui] 'S
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ASIC vs. FPGA



FPGA vs. discrete ASIC

* An application-specific integrated circuit
(ASIC) is a chip with static circuitry optimized
for one task

A field-programmable gate array (FPGA) is a
chip whose configuration, specified by a
hardware description language, can be
changed many times

© 2018 Edoardo Charbon
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General Comparison

FPGA ASIC

« Fast Development « Lower power
Time » Faster operation

* Reconfigurable » Smaller footprint

— Lower fault risk
— |terate design

* Low non-recurring

» Better integration
* More flexibility
* Low unit costs

costs -

— Development — MIgN-VolIme
_ applications

— Testing

© 2018 Edoardo Charbon 73



How to Build a Delay Chain

From multiple adder’s carry units

delay line
i 1-b aQ 12 1 P £ P i P & Pt
> R =
= DFF
D>

coarse U
&
RST ;

>control " enco 7 er

clk coarse value Uﬁne value
\/
FIFO
>
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FPGA Caveats: Clock Regions

Ba’d location for a TDC

15+

clock delay (ns)

y—slices

© 2018 Edoardo Charbon
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Example FPGA Architecture

Only digital techniques available with existing cells

|

|

— e — |
N | - -

StopTD L l/ mn | N OUT|

D QPT, =D QpPT, 'L[p QP Ts”(D QPP Tygg | '

— | | | GND !

> > | > > D Q |

|

|

|

|

C||<l_> f ...Ll—:——*l r

T . Thermometer Fine
1..166 Decoder Code

. Cod
Stop— Counter — —
Clk — Code
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Virtex-6 FPGA TDC

Implementation #1 (design on Virtex-6)

Min | Typ | Max Unit
Clock frequency 200 MHz
Standard uncertainty | 7.38 14.24 ps
Resolution 9.8 ps
DNL -1 6.2 LSB
INL -2.1 13.7 LSB
Throughput 100 MSample/s
Implementation #2 (improved timing)
Clock frequency 600 MHz
Standard uncertainty | 7.38 14.24 ps
Resolution 0.8 ps
DNL -1 1.5 LSB
INL -2.8 4.1 LSB
Throughput 300 MSample/s
Implementation #3 (improved position)
Clock frequency 600 MHz
Standard uncertainty | 7.38 14.24 ps
Resolution 9.8 ps
DNL -1 1.5 LSB
INL -2.25 1.61 LSB
Throughput 300 MSample/s
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Temperature Dependence

Voltage and Temperature

4..
& 20
1
e
=
_2 ............. 9 P EC I 8 & e SR ARG AEATRS ek
0 50 100 150
bin
Color Temp. [Res.(ps) (V) a(mV)
— 10°C 9.8 1.0096 2.9
40°C 10.22 1.0034 1.9
— 60°C 10.48 0.9993 3.2

© 2018 Edoardo Charbon
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Location, Location, Location

[\

a1l {
,‘, "H‘llr
{/

DNL difference (LSB)
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DNL ran

INL ran

Chip-to-chip Variation

6 ........ A ....... FPGA l ........ . ...... FPGAz .........

0 50 100 150
TDC position in FPGA
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TDC Comparison

FPGA ASIC
* Best time * Best time
uncertainty: 20ps uncertainty: <1ps
« Usage examples « Examples
— High-energy physics — Time-correlated
— OpenPET imaging
— Frequency

synthesizers for RF

© 2018 Edoardo Charbon
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FPGA- or ASIC-based TDC?

« Consider an FPGA-based TDC if your application:
— Is low-volume
— Doesn’t require <20ps time uncertainty

— |s sensitive to development time, or is being created in
iterations

— |Is open source (FPGA-based TDCs are code-based)

© 2018 Edoardo Charbon



3D Integration



3D ICs — Hybrid Bonding




3D ICs — Hybrid Bonding

Sony Corp. (?/7?)
STMicroelectronics (65/45nm)
TSMC (45/65nm)
Tezzaron (anything/anything)

© 2018 Edoardo Charbon
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TSMC BSI + 3D-Stacking

31.3% FF

~

7 Multiple 3D connections
per SPAD

Tier 1
Photons

Tier 2

M.J. Lee, A.R. Ximenes, P.
Padmanabhan, Y. Yamashita, D.N.
Yaung, E. Charbon, IEDM 2017

 Tier 1: SPADs + microlenses

« Tier 2: quenching, recharge, TDCs, multi-core,
memories, communication unit, |/O
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TDC Sharing

' L L L L
coe %H_—E
A
— in1-Lin2
o T -

* Virtually zero skew
* Preservation of origin of pulse

© 2018 Edoardo Charbon
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TDC Layer

SERIALIZER ACCESS &

iooo CONTROL - .ol . 5.0 0.0 0.0 0000 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 000 00 0 0 0 0 0
' s EN_READ 6b ¥ ADDR WRITE

- READOUT Z \ LN o / -

- . DTOF

----------------------------- 6b i ADDR_READ
spocccccccssscscssssscnns LY reoqecccccccscssasdhoccccsccnscscssnsndocscsscsssssccssssccscscchocccans 2
E E E we P E
; 2 [ MeM - N
: { 64 x21b < - - «
' 16 10b f ¢ MEM_WRITE :
DTOF: ; § :
—b SAFF* { DFF** | ( | .
: ' { | 21b ¢
E 84 10b 4 { | MEM_READ ALU 21b E
] D'fc { 14b DATA_WRITE |
[/ SHARED TDC | | DATA_NEW DIGITAL PROCESSING |

A.R. Ximenes, P. Padmanabhan, M.J. Lee, Y. Yamashita, D.N. Yaung, E. Charbon, ISSCC 2018
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3D-Stacked Chip Micrograph
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LIDAR Demonstrator
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Distance Measurements

Physical target measurement - high-res TDC Physical target measurement - low-res TDC
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Counts
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Interference Suppression
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256x256 3D Image Reconstruction

Letters:
15mm tall

5ms exposﬁre
per point

© 2018 Edoardo Charbon 93



Large TDC Arrays

Instead of a large VCO distributing the sync to a
large array of TDCs... build a large array of
continuously running VCOS  overall constant Fom

PrOS CTRL
— Individual FOM improved
by 10 log (M)
— Synchronization is ~1ps
— PVT robust ,
— Robust to local disruptions = PLL

Individual FOM
improved by 10-log4 (M)
© 2018 Edoardo Charbon 94




Mutual Coupling

« Use injection locking for coupling VCOs
 The PLL only forces the desired frequency on the VCOs

Overall constant FOM

-20

Individual FOM
improved by 10-log4o (M)

CTRL —— 1x1
-40 —— 2Xx2 |
Q\\ —a— 4 x4 |
PO N . —v— 8x8 i
:E 60 \\ 10|Og1o(M) e 16x 16
5 ] ]
@ 80 .\\
3
‘5 -100
p4
Q
ﬁ 120 N
o
5| PLL 140
-160 — e — — e — e
10k 100k 1M 10M 100M
Freq [HZz]
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Mutual Coupling

IMAGER
Modular
Flexible

CTRL >
1=
o KK
. 1 0[]
To Top RO
H H
To Left To Right ;
RO RO

........................................................

Coupling Element

\ H )
To Bottom RO

3D stacked technology
* Only SPADs on top tier

\;\—/ * Only processing bottom tier

L10Z MSI| ‘uoqiey) "3 ‘ueyqeuewped d ‘ssuswix 'y
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Mutual Coupling Measurements

%108
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Frequency (MHz)

Mutual Coupling Measurements
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Perspectives for 2020

Sub-65nm CMOS
Large, scalable designs (Lego™ approach)
Backside illumination (BSI) 3D IC

Hybrid approaches (InP, GaAs, Ge, polymers)
Cryogenic operation

© 2018 Edoardo Charbon
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Moore's Law Will Help

1 Mpixel
0.8 CMOS 0.35 CMOS

100 kpixel

10 kpixel

1 kpixel

2003 2006 2009 2012 2015 2020

A
3D IC SPAD
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Quantum Computing



Serge Haroche

The 2012 Nobel Prize

- - 2012 Physics Nobel Prize
David Wineland

Both Laureates work in the field of quantum optics studying the
fundamental interaction between light and matter, a field which has seen
considerable progress since the mid-1980s. Their ground-breaking
methods have enabled this field of research to take the very first steps
towards building a new type of super fast computer based on quantum
physics. Perhaps the quantum computer will change our everyday lives in
this century in the same radical way as the classical computer did in the
last century.

—Announcement 2012 Nobel Prize
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From bits to qubits

* A quantum bit or qubit is a quantum system in which
the Boolean states O and 1 are represented by a pair of

mutually orthogonal quantum states labeled as |0),

1)

* Quantum properties: superposition and entanglement

e o,0¢cC

o o, +|a| =1

w)=e"(cos(0/2)0)+e”sin(0/2)|1))

-

______

@ s polar angle
1)) is azimuthal angle

_____
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Qbits on a Chip

Semiconductor-superconductor hybrids

Superconducting circuits R -
Impurities in diamond or silicon

104

LT0T ‘uadAsiapuep 7 :924n0S§



Quantum Computer Architecture

Quantum bits (qubits)

Quantum

processor
(K 1K)

Classical
controller

* Carrier frequency: 100 MHz — 15 GHz, 70 GHz

e Pulses: 10—100 ns

© 2018 Edoardo Charbon

105



Quantum Computer Architecture

Quantum bits (qubits)

e Carrier frequency: 100 MHz-15G
* Pulses: 10—-100 ns

© 2018 Edoardo Charbon 106



Readout

Qubit Control

A Real-life Quantum Computer
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Possible Solutions

* Proposed solution
— Electronics at 4 K

— Only connections to 4 K to 20 mK are needed

T=20mK| T=4K T=300K T=20mK | T=4K
Electronic Electronic
Read-out Readout
Ung AdAd \ & control & control
[Risté et al. 2014-15] /

T=300 K

© 2018 Edoardo Charbon
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Possible Solutions

* Proposed solution

— Electronics at 4 K

— Only connections to 4 K to 20 mK are needed

T=20 mK T=4K

T =300 K

[Riste et al. 2014-15]

N

v

Electronic
Read-out
& control

T=20mK

=4K

T=300 K

Ultimate solution

— Qubits at 4 K

Electronic
Readout
& control

— Monolithic integration

© 2018 Edoardo Charbon
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Electronic Readout & Control

s ax 300K

IIIIIIIIIIII

TDC

ADC [

® @ Digital

| control ®
Quantum L~ ._@ (ASIC/
Processor _| ~_ FPGA)

HEEENEEREEN
XNA

DAC [

NN EEREEE
XNW3A

E. Charbon et al., [EDM 2016
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Cooling Power Issue

JDry-100 cooling power {XDS 35i scroll + HiPace300 turbo)
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Scalability Issue

NOoise budget......cccovvveiiiriiiiiiiiiiiiecceiie, < 0.1nV/VHz
Power budget (for scalability).................... << 2mW/qubit
Physical dimensions (for scalability).......... 30nm
Bandwidth (for multiplexing)........cc........... 1-12GHz

Kick-back avoidance
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Cryogenic Electronics



Cryo-CMOS Technologies
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Device Modeling (160nm)
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I, [A]

Device Modeling (40nm)
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BJTs and DTMOS in mK domain

e BJTs can work as bandgap reference at 7>77 K
« DTMOS can be used as bandgap reference at cryo temperatures

AVige
B measurement
J Ve .
T measurement TO be pUb“Shed
ls
measurement
é v I d :
D > 008} ' ' |
T 4 t S ooat™” / To be published
M T/ S j | | F + Oizz e ,A—:;f?")‘}sfrf‘-
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H. Homulle, E. Charbon, F. Sebastiano, JEDS 2018 117
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SPICE Models, Farms

We created models for 4K components in Verilog-AMS, BSIMS6,
PSP

We are building a complete model toolkit for 40nm and
160nm CMOS technologies

Models are tested using cryogenic component farms
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Cryo-FPGAs

Harald Homulle

 Artix-7 full operation down to 4K
* Other FPGAs only limited to 30K

© 2018 Edoardo Charbon 121



FPGA functionality

« All FPGA components are working in the cryogenic
environment down to 4K

« No modifications required

Component | Functional |Behavior
|Os

v
LVDS v
LUTs v Delay change < 5%
CARRY4 v Delay change < 2%
BRAM v No corruption (800 kB)
MMCM v Jitter reduction of roughly 20%
PLL v Jitter reduction of roughly 20%
IDELAYEZ2 v Delay change of up to 30%
DSP48E1 v No corruption over 400 operations

© 2018 Edoardo Charbon 122



A/D conversion on FPGA

* Principle
— Time stamp the cross-over of input with reference ramp
— Use TDC for timestamping

* Bottleneck: we are bound to the CMOS technology of the

FPGA
CLK 100 MHz
FPGA
Vour MMCM STOP
\ TDC
Vieer h% START

sTART | H—— =




ADC on FPGA (1.2GSa/s)

Signal bandwidth: 2 MHz Signal bandwidth: 40 MHz
o 200 o 200 T
3
300K 8 8 :
S 100 K 100 i3
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t >
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ADC on FPGA

Signal bandwidth: 2 MHz Signal bandwidth: 40 MHz
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Cryo-SPADs
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Cryo-SPADs
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Excess Bias (V) 180nm CMOS bulk
B. Patra et al., JSSC 2018

132



=<
o—O%aJ
>
i
o
| L
=
L
=

E. Charbon et al., ISSCC 2017

Standard 160nm CMOS

500 MHz Bandwidth

0.1dB Noise figure

7K noise-equivalent temperature

© 2018 Edoardo Charbon

134



S-parameters [dB]

Frequency [Hz

B. Patra et al., JSSC 2017
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2D Readout and Control

Use imaging sensor

readout as inspiration

Reduce number of

transistors (ideally to zero)
Use tunneling barriers as

selectors

(limited) use of 3D
stacking

© 2018 Edoardo Charbon
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Putting Things in Context

5360/7'5/70,
Color codes
Surface code

© H. Homulle 2016
#2018 Edoardo Charbon



Conclusions
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Take-home Messages

Large arrays of TDCs for TOA are necessary to a
number of emerging fields

Modularity is an important ingredient to large TDC
arrays but one needs to be aware of synchronization,
reliability, and uniformity issues

3D-stacking / 3D integration is becoming a way of life!

Quantum Computing will need these circuits but will
require cryogenic operation
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