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Fermilab at a Glance
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America's particle physics
and accelerator laboratory

* Operates the largest US
particle accelerator complex

+ ~1,900 staff and
5 ~$600M/year budget

+ 6,800 acres of feder‘él:'.f ol

* Facilities used by 4--,~ooo~
scientists from >50
countries

As we move into the next 50,
-~ years, our vision remains to
solve the mysteries of matter,
energy, space, and time for
the benefit of all.
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Integrated Circuit Design Over ~ 5 Decades at Fermilab

A diverse portfolio of microelectronics expertise surrounding low-noise, low-power
readout of novel detectors operating in extreme environments.

lonizing Radiation (> 1 Grad, 1,000x higher than outer space)
Collider Experiments (FCC, HL-LHC)

Since LAr Cryogenic Electronics (7$K-1 00K)

e Neutrino Experin [ SYSanTINNE Sal ¢ ments (Skipper-CCDs)
LHe Cryogenic Weds @ 11:00 am

Cryo Detectors (SINSFUS, TES, €e1c.), Quantum Information Science

Superconducting Electronics (~100mK)
TWPAs, JPAs (ADMX), QIS for HEP

Micro-Ring Modulators, readout for quantum sensing/computing

o H
2 Fermilab
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LGAD Tracking Detectors

» Future colliders need tracking
detectors with 5-25 ps timing and
5-30 um spatial resolution [11]:

- FCC-hh
- Electron-lon Collider (EIC)

HEP Application Pitch Time Frame Rate
Range Resolution

9 M u O n COI I |d e r... e+ e- collider ~1mm <10 ps ~1W/cm? n.a. Circular ~50MHz =10
Linear 120Hz-300MHz
. Proton or muon collider <25 um <10 ps ~1W/cm? n.a. 40 MHz ~10
g seneet N v - G
. . . . Range Resolutlon ASIC
Candldate Wlth 20-30pS tlmlng Soft x-ray imaging 100 pm >100keV <1keV <1MHz
. Mossbaeur Spectroscopy 100 pm <5ns >1MeV <4keV <1MHz >5
reSOl Utl O n ’ b Ut h OW to read th e m X-ray Spectroscopy >100 um n.a. <20keV <100 < MHz 20
eV
O Ut? Momentum Microscope 100 um <100 ps >30keV <1keV 1MHz
aluminum
o _-_--—-
g JLE LCLS Pulse Train 100 pm <350 ps >3MeV <2keV >3 GHzburst
;I Epitaxial layer - p NIF <100 um <20ps >10MeV <3 keV >50GHz burst ~10
ﬁ ¥ substrate — p™ 4

Single LGAD pixel

o H
2 Fermilab
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Superconducting Nanowire Single-Particle Detectors (SNSPDs)

* Ideal inductors when superconducting * Risetime ~Lk/(Rn+RL) ~100’s ps
* Resistive when heated by a photon/particle + FallTime ~Lk/RL ~10’s ns
Motivation:

« SNSPDs are fast, and fast-timing ASICs are needed to preserve that resolution.

* Cryogenic readout designs are key to reduce heat load.

o H
2 Fermilab
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SNSPDs at the EIC

8

Electron-lon Collider: Novel
accelerator under development at
BNL to probe proton mass, other
challenges.

SNSPD operation at cryo + high
magnetic fields can help increase
acceptance by instrumenting
difficult regions of the machine.

Radiation hardness under
investigation.

5/18/2026 Adam Quinn | CryoTDC — FEE 2026
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SNSPD operation at high B-field;
zero dark counts.

high speed
serial link

4{( _Transceiver

= biasing electronics

nanowires- “ASICs

Integration concept with
SNSPDs, ASICs, and high-speed
readout links.

Electron-lon Collider Diagram
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SNSPDs in Quantum Communication

The Challenge: High-bandwidth time-correlated singleé

photon counting in a cryogenic environment.

SNSPD

Amplification

~\

SNSPD channel 0

10 -100 Mcps

SNSPD channel 1

SNSPD channel 30

SNSPD channel 31

~\

f

LNA channel O

~

LNA channel 1

LNA channel 30

LNA channel 31

32 to 256 channels
. J\_ J
9 5/18/2026

Time tagging + data processing

c r N

omparator 1
(strong-arm latch)

N

Event
driven data
readout
+
High speed
links

TDC1
(5 -10 ps bin,
2 -10 ns range,
jitter: 3-6 ps rms)
A

Comparator 30 TDC 30
Comparator 31 TDC 31

B T

DOE NASA RFI 86 FR6315 [4]

Adam Quinn | CryoTDC — FEE 2026

P €} 5
1. . .
—|: Forward . BS = Delay line .
: ;
. . fy .
:CIass:caI FPGA f, iPCslf
. channel . - .
. Frequency coding .
il COD
- Backward
Alice . Bob

A Quantum Secure Direct
Communications System (Hu [10])

1-10 Geps

=)

electronics:
d[ nTron ]

[ cryo-CMOS ]

Integration with superconducting
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Diverse Other Applications

7

Bio Imaging and Life Science

)
guard slots
——

_—_
M-PPM symbol M-PPM symbol

Advanced manufacturing Astro-particle physics Quantum science and cryptography Optical Space Communication

o H
2 Fermilab
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Picosecond Timing ASIC Development

» Design Objectives:
- 5-10 ps resolution
- 3-6 ps jitter
- 2-10 ns dynamic range
- Operation at cryogenic (4K) and room temperature.
- ~ few 100 uW per channel
« ASIC Versions:
Nov 2021 — CryoTDC v1: Single-channel TDC Demonstrator
Oct 2023 — SUNROCK: 32-channel Prototype w/ Peripheral Circuits

o H
2 Fermilab
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CryoTDC v1 Channel Block Diagram 30T Total Pins: 22
°$0$%/$%/$Q,/ °
S é‘l\«\’ e 6 analoginputs
|| ] - 7digital inputs
crop ' « 3 digital outputs
Back-Gate Tuned * 6 power pins
START : -
D Q D Q . Fine Vernier TDC
CAL1 5 S Not Shown:
A 3 * RO1, HALT, INCR, and
. READY
STOP_FINE | STOP_FINE are mux’d to
"""""""""""""""""""""""""""""""" : RO1 Decoder two digital outputs with
HALT the select done by 4
(5x) I shift register bits.
’—|>—>0 e Ji * RESET pin
; 10-bit Counter
QFlNE<60> _i_‘{'slﬂv J:-smnnamc
; 1 QCOARSE<9:0> — = TR
S_DIN — : : . S_DOUT J:D] Y W
] ] S_LOAD — Shift Register ol o
S_CLK b pepe g
@3 ;, g Enomoto et al. [2]
o*oé
L

o H
2 Fermilab
13 5/18/2026 Adam Quinn | CryoTDC — FEE 2026



Fine Vernier TDC

* t; and t, are tuned to be very close to

each other.
Coeie L N ) * 1LSB =tg(rine) = (t2 — t1)
> - - SQ g — + STOP is always faster than START.
e . B I 1A ™« If START arrives first at stage n,
srop —[> > 4> | Q[n]=1
) v ’ - Result is thermometer-coded: “How

Qfine (binary)

many LSBs does it take for STOP to
catch up to START?”

o H
2 Fermilab
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Delay Tuning with Back-Gate Bias

(a)

vrune_r D—q Dﬁ 2 < vrune_p
Dﬂ I_G VTUNE : VTUNE N
VTUNE_ N %

Comparison between back-gate tuning and conventional approaches.
« Fine TDC delay cells and RO delay cells are same
architecture (different sizing)
« Speed is tuned by FDSOI back-gate biasing

— Low complexity

— Small footprint

Fine TDC Delay Stage

— No noise contribution from bias circuits

» 6 separate tuning voltages (all 0~2V w.r.t. VSS)

— Fine TDC fast chain, slow chain, and coarse TDC ring
oscillator (NMOS and PMOS separately).

o H
2 Fermilab
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q‘:f\;:: «‘?O‘i:‘o\'&s
R o
Coarse TDC S
I |
L] start . .
SToF Current-Starved stop___ Tin /
START : Vernier TDC I
CALL [; h e ‘ INCR I :
‘ STOP_FINE RO=<1> I\ | I
N I e 1o | Decoder |*"E‘“= ! ]
| ‘ star'l fine
| : 5 HALT (same as 5-[0[8 - ! +
| (3) NG stop counter o I H
| % | _ (DFF1 0UtPUL) e ¥
§ 10-bit Counter Sntlo ;InetTD? : l l T Guard Time
| | °
S | QFINE<6:0> ( utput) =2 | _,.;_l;_"" for Meta-Stability Tgd
§ ] acoarse<s:0> Input Offset=*"1 1 "_'—F'Tesmd o
- - s_DOUT r 1
EYT Shift Register B Tos ' Teoarse ! - (Input to Fine TDC)

Enomoto et al. [2]

START starts the ring oscillator. The counter counts up until STOP, and the
residue is encoded by the fine TDC:

Tin — TOS + Tcoarse + ng _ Tresidue
= (TOS + ng) + Ncoarse(tR(coarse)) - Nfine (tR(fine))

o H
2 Fermilab
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Coarse-to-Fine Coupling with DFFs

Traditional TDCs couple with a multiplexer
- unwanted Tp_,, , possibly different for
different inputs. ®

* In our design, DFF1 is triggered on the first
f statFineTDC  coarse TDC increment after STOP arrives.

. . (With constant offset T,y,¢)
. J' | * The remainder (t;,. — tstop) IS digitized by
' 41 SOPFNETRE the fine TDC.
Ring Oscillator unter
TS - Why have DFF2? STOP and RO<0> are
\{\- counter asynchronous, so we need to suppress any
— MUN metastability in DFF1’s output before the

fine TDC.

« DFF2 is triggered slightly after DFF1
(Tiner + Tga)- We assume DFF1’s output
has settled within Tj,.

Enomoto, et al. [2]

o H
2 Fermilab
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Simulation of an Example Measurement

From calibration, we have:
tR(fine) = —2.6375 ps
tR(coarse) = 152.75 ps
TOS + ng = —173.62 PS

For this measurement, Q;,, = 33 and

Qcoarse = 4, SO:
Tin = TOS + Tcoarse + ng - Tresidue

~ 350.343 ps

(Actual T;;,, was 350 ps)

2= Fermilab
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A Note on Cryomodels

19

Fermilab is developing cryogenic models for
GF 22FDX in collaboration with EPFL,
Synopsys, and GlobalFoundries.

At present, models cover SLVT and EGLVT
FETs at 3.8K

Unfortunately, these models were not
available at design time for the cryoTDC —
and do not match the flavors used in the
cryoTDC core.

For more information, see:
https://doi.org/10.2172/2426440 (Olivia

Seidel, lceQubes 2024)

5/18/2026 Adam Quinn | CryoTDC — FEE 2026

Varlous Lengths for Width 2um NFET

PDK Model at 50K ~

Gm for Various Lengths for Width 2um NFET

~,
Measurement Data \\.\
Our Cryo PDK e
~,
~
. . . . . .
04 06 08 1 12 14 16 18 08 1 14 1 1

Gate Veltage (V)

Varlous Lengths for Width 2um PFET

T—
Gm of Various Lengths for Width 2um

=

)
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https://doi.org/10.2172/2426440

Test Chip

TR

|
=

TS

P;"

o H
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Testing the CryoTDC

Test Sequence:

« Pulse generator (745-OEM) sends
START + STOP to ASIC and
TRIGGER to microcontroller. — =\

VDD VTUNE
l l S DOUT >

f use

Power Supplies

® ASIC ComputeS tSTOP — tSTART and

stores it to an on-chip register. /  START S DIN
- After a short delay, the —STOP ,, SO
microgontrqller reads the value inthe  p Lhbke ey i fz ;(jgg N
on-chip register. g < REsET
To calibrate resolution, fixed time >
offset pulses (0 ps, 100 ps, 10 ns) are TRIGGER
supplied and coefficients are calculated -
off-chip.
2& Fermilab
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Result: Jitter vs T;,, TDC Jitter [ps] vs Input Time [ns]

1000

 Atlow T;,, test instrument
jitter dominates the

measurement. 7 100 . /,‘

* At high T;,, jitter g ..’
accumulation in the ring o . Ll oo Tempe
oscillator results in a linear 2 0 . o 029
correlation. .

« Flicker noise dominates . 40 Ul =0001T
thermal noise, so cryogenic  * ’ . R I
results resemble warm. o1 s 10 10

o H
2 Fermilab
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Back-Gate Tuning
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Coarse TDC Resolution vs Ring Oscillator Tuning Fine TDC Resolution vs Slow Chain Tuning
Voltage Voltage
18
° — 16
[ » [
. &14 ®
°. § 12 °
° =
o 10 ®
OO... e, ©295 K = 59 e ° o 0295 K
[ ] n
° 000::.00. enok X *te, ", onor
$ess $ | ©Sim (295 K) & 4 ® e, - ® o, ® Sim (295 K)
=, © e
0
0 0.5 1 15 2 0 0.2 0.4 0.6 0.8 1 12 14
Tuning Voltage [V] Tuning Voltage [V]

PMOS tuning voltage is inverse to NMOS to balance rise/fall times.
Good agreement with simulation results at room temperature
RoomT TDC Tuning slope: =118 ps/V (coarse) =5.4 ps/V (fine)
Cryo TDC Tuning Slope: =216 ps/V (coarse) =~9.6 ps/V (fine)

o H
2 Fermilab
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Power and Operation Speed

24

Testbench maximum readout rate is
~1 Mcps, limited by microcontroller
I/O. The fine TDC is designed to
operate at ~100 Mcps.

To estimate power at higher
frequencies, we assume:

P (fsamp) — PRGtRG' f,g-n,m,p + E_fiﬂ.f fﬂamp -+ Pﬂuifscem

measured. We make a conservative
assumption on tg, and fit Ef;,, from
low-speed data.

5/18/2026 Adam Quinn | CryoTDC — FEE 2026

TDC Power vs Sample Rate
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2 i
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.......................... [ CCTTETTERTTERTRREREY ALLLbLA 132885500
40 * >
20
0
1000 10000 100000 1000000
Sample Rate [Counts/s]
®'1=295K, tRO=100n ® T=295K, tRO=200n
@ 'T=85K, tRO=100n @®T=8.5K, tRO=200n
Figure of merit 295K 85K
Quiescent Power ( Ppuicscent, pW) 109 46.6
Energy per fine ADC Conversion ( Ey;,., pJ) 330 3.03
Ring Oscillator Power (Pro, pW) 193 142
Estimated Channel Power at 100 kcps (pW) 110 47
Estimated Channel Power at 100 Mcps (pW) 632 492
T H
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The Fermilab Constant-Fraction Discriminator (FCFD)

Arming comparator

=N [N\U(self-biased) |

 FCFDvO is a front-end readout chip for Zailr—
. Forblas,eonflnulous P RC delay Eg:’:l:.srl:xl
LGADs which uses CFD to locally v, wd shovies g oy el
compensate for input signal time walk. - .
e The FCFD includes pulse injection (5~26 1 P
fC) which mimics LGAD signals for easy o blas
. . Vth (~ 570 mV)
characterization. [: e
FCFD chip and PCB Dclay |
v MCP-PMT 4 /\ F_A _A Lo _A__|
Tungsten i
B Source pinhole Divide Add
. ’ L f
Optics ﬂ
| AN
Laser
Images from [11] .
2& Fermilab
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Readout Results with
FCFD

 CryoTDC vl achieves
sensor-limited readout
fidelity with FCFDvO.

* Intrinsic readout RMS
noise O(5ps).

Pulse Generator Study

Qutput 2

Stop
Pulse
CryoTDC
Generator Y
Qutput 1 Start
Charge Injection Study
Qutput 2
Pulse P
Generator ECFDVO Boz-ard CryoTDC
QOutput 1 Isl;ir:jall glus::pm Start
26 5/18/2026 Adam Quinn | CryoTDC — FEE 2026

Time resolution [ps]

Time Resolution vs Injected Charge Measured
with an Oscilloscope (reference) [11]

Time Resolution vs Injected
Charge Digitized with CryoTDC v1
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Signal Charge [fC]
RMS Noise (Pulse Generator = CryoTDC v1)
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Summary of Figures of Merit

Reference Dutton 2015 | Roy 2017 | Zhang 2019 | Nolet 2020 | Talala 2023 | Pass 2023 This Work
(ISSCC) (TRPMS) (JSSC) (IET) (JSSC) (ICEE)
Technology (nm) 130 65 180 65 110 65 22 FDSOI
# of Channels 1 ~ 144 x 6x 2 1 256 Sim 1
Cryogenic Results None None None None None None 8.5 K
Resolution (ps) 71 6.9 48.8 5.5 254 20 295K | 8.5K
6.20 | 8.52
TDC Area (mm?) 0.03 0.00125 0.025 0.00151 0.024 0.002704 0.003
TDC Power (mW) 14.1 0.16 29 0.02 0.11 0.32 295K | 8.5K
0.63 | 0.49
Range (ns) 18.8 3 200 4 3.25 168 ¥
Conversion Rate 14000 5 666 1 0.28 5 100
(MS/5s)
Figure of Merit 466 3620 188 5470 4.2 289 295K | 8.5K
(Rate/Res.XPow. 8530 | 7980
XArea)
3¢ Fermilab
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SUNROCK

» 32x channels, a shared clock and readout architecture, and DC biasing for

SNSPDs.
=
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SUNROCK TDC Architecture

« Fine TDC design essentially identical
to CryoTDC v1.

» Coarse counter is clocked by hsclk

» hsclk (10.0 GHz) is produced on-chip
by a novel cryogenic sampling PLL

with ~10fs rms jitter.
Power [mW]

12.80 » 0.75
-

Sub-Sampling PD F?(?CG(;‘Z
Fin
Readout Channels = Bias Channels
Digital Power . SerDes Lane hsclk

PLL Power
o H
2 Fermilab
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SUNROCK Test Chip

DDD']DCID['IDDDDCID"IDDCDDH"]D"JDDDDDDE’D']DTDD

» Successfully taped out. 4- ]ﬂ@ﬂﬂ‘!'ﬂ‘]qq ! :

« Testing has been ' 8 B
significantly delayed due to | = “conooooaocoononononnononnooononooooon0n
engineering resources but is AR IO IRR R

currently underway.

! } ! :
wwwm ! A -
l L . 'l ‘ I ' [* AT v

lrr

Figure 2. Detailed Layout Screenshot of SUNROCK ASIC

2= Fermilab
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Thank you for your attention!

Please direct any More Fermilab Talks this Week:
questions or feedback to:

“Smart Pixels: In-Pixel Al for on-sensor data filtering”

aquinn [at] fnal [dot] gov Benjamin Parpillon — Weds @ 11:00 am

“Constant Fraction Discriminator Readout Chip for ePIC”

Artur Apresyan — Thurs @ 11:30 am

For more technical info, check out our NIM-A Paper:

A sub-5 ps jitter time-to-digital converter ASIC with back-gate delay tuning in 22
nm CMOS

Adam Quinn © 1O &, siXjeobl Artur Apreysan ©, Farah Fahim 9, Sergey Los °, Cristian Pefia °, Carlos Eugenio Perez Lara © 2 Tom

Zimmerman °, Davide Braga ©

% Fermi National Accelerator Laboratory, PO Box 500, Batavia, 60510-5011, IL, USA
® California Institute of Technology, 1200 E California Blvd, Pasadena, 91125, CA, USA

Jt :
3¢ Fermilab
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Traditional Tuning Methods

I L,
Delay o = Tuning is important!
* Small PVT variation in t1, t, = big

Current starved: Shunt capacitor: variation in tp

Ds D3

In Out Delav DG
E controlled

Vetrin thru current

Delay But comes with a lot of side-effects:

controlled ® Parasitic R, C even at maximum V¢,
thruload ¢ Dije area doubled (or more)
o6 @ e Tuning FET noise contribution

SLAC [5]

1

What if we could tune t{, t, without
adding any FETs?

2= Fermilab
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22 FDX Back-Gate BiaSi ng Total Delay of a 100-Element Delay Line

(+/- 3 sigma, TT corner)

200 For ~ 1ps
200 Vetrl=1.07V
- Vset = 0.1V *
10* T - T N ¥ ¥ 2 600 l//
Flip Well [ Conventional Well 2 o0 v
o - o 3 \
3 c 400
: ! E m'r lr!x'«r|=1r5m""f’i 2 ov
[ X " 1 S 300
1 3 [ . ...DD ! T 200 V‘u;orst—Case
1 B -2'.\.’. o = 100 et
- < .
{7 B |
[ pRVT @ _i ! 0
10° - £ : 0 010203040506070805 1 1.11.21.3141516171.819 2
0.4 0.8 0.8 -0.4 0.0 04 038
V. (V) Control Voltage [V]
nMos pMOS nMOS pMOS . . .
- S Back-gate biasing modulates V;;,, changing
oVt Wlﬁ OVI@ UVI@“

' ' ' ' drive strength and thus delay.
- - = - DILVERT has six independent bias voltages:
GF 22FDX Training Manual [9] Viune p_rast» Veune n_rast

Vtune_p_slow: Vtune_n_slow

Vtune_p_RO: Vtune_n_RO

2% Fermilab
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TDC C h ara Cte ri Stl c The relationship between T;,, and the TDC digital codes may be derived as
Equation Derivation

38

5/18/2026

follows, starting from the definition:
Ty, = T (stop) — T (start) (1)

Letting T (start) = 0 and noting that the stop signal directly triggers start fi,.
we have:

T;'.n =T (Startff:m} (2)

The characteristic equation of the fine TDC is:
Tt fine) Q ine = T (stopgin.) — T (start gy, ). Substituting (2) yields:

T, = _Z}abl;ﬁ?re}Qﬁne +T {Stﬂpﬁﬂ-r-') (3)

Finally, due to the fixed propagation delay from DFF1 through DFF2, we note that:
T {Stﬂpfim-') = ﬂab[ﬂmr:ﬂe}chmrﬁe + Tﬂd' so we have:

Tin = —Tisp(fine) @ fine + Tisb(coarse) Qeoarse + Tgd (4)

The three calibration parameters T fine) » Tist(coarse) » AN Tyq may be calculated
by applying pulses of known length to the input of the TDC. After establishing
these values, T;,, may be calculated from @ ;... and Q.. -

o H
2 Fermilab
Adam Quinn | CryoTDC — FEE 2026



Flicker Noise Contribution

» For a free-running RO, o, is dominated by thermal noise at low AT, flicker at high AT.

« Our TDC shows o, o« AT which is characteristic of flicker noise.

« Empirical models give t,. = " For the inverters in DILVERT RO, f. = 10 MHz, so t, =

36f.

2.7 ns. (From measurement, t. = 0.5 to 5 ns, limited by Meas. Floor)

log(a,,)
l TDC Warm lJitter vs Tin

1000

slope=1

100

RMS Jitter [ps]

Meas. Floor

slope=0.5

log(AT) :
h— 1 . 10 100

0.1

t

(3

C. Liu and J. McNeill, “Jitter in oscillators with 1/f noise sources,” in Proc. IEEE Int. Symp.
Circuits and Systems (ISCAS), 2004, pp. 773-776.

39 5/18/2026 Adam Quinn | DILVERT Vernier TDC

2= Fermilab



(Update 2/7/2023) Splitter Noise Measurements

Goal: Estimate the jitter performance possible from DILVERT fine TDC.

« Eliminate instrumentation noise by using a cable delta + splitter to generate
START/STOP.

« Circumvent issues with calibration + course counts by examining fine counts.

Avg

Delta/Temp Qfine

6in 6K 21.73046
9in 6K 41.91884
24in 6K 72.61523
40in 6K 69.48798
49in 6K 65.08617
9in 296K 53.37575
24in 296K 44.07214
40in 296K 94.71844
49in 296K 74.44589
40 5/18/2026

RMS Noise
[LSB]

0.364787008
0.419846533
0.912814773
1.215260398
1.218580317
0.466708555
0.901775747
1.197597789
1.387048054

2.19
2.52
5.48
7.29
7.31

2.8
5.41
7.19
8.32

Adam Quinn | DILVERT Vernier TDC

LSB=6ps LSB=12ps

4.38
5.04
10.95
14.58
14.62
5.6
10.82
14.37
16.64

RMS Jitter [ps]

RMS Jitter Max at Warm (Red) and Cold (Blue)

/

10

20 30 40
Cable Length Delta [in]

50
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Our Model Approach

Start with foundry PDK provided by GF --> re-extract 0 1

. . O Bulk pMOS, T =100 mK, Vo = 1.8V
the parameters we think will change at cryo 80— A —— AMOS. T = 20 mi. ff’q_mmf,][al

2 peSiGe NanowireFET Vgp = 40 my |2~I2I]
EQ — % p-30I FinFET Weo = 20 my [15]
o Fig. 4{a) & Fig. 4(b) &

Constrain the parameters to reasonable ranges based on physics
expectations and literature when applicable

a0 —
* Isothermal model at 3.8K

30 —
* Change the input pdk:

2 —

—  BSIM-IMG 102.8 doesn't include effects like subthreshold
slope saturation [14][18] (but the latest BESIM-IMG 102.9.6
does)

Subthreshold Swing, 55 (myidec)

—— Boltzmann limit, {k,T/q) In10

o b b b Lo b
i all 100 150 200 2 Ho

— We model that by setting temp to the value where our
Temperature, T (K)

subthreshold slope saturates

Subthreshold Swing Saturation as a function of

—  Set temp = tnom to remove temp dependent params Tamperature for various devices [13]

* Extracted values back into the PDK

£ Fermilab

10 1302024 celubes 2023 CryoCMOS modelling and POK developmnent for GF 22F0X



Design Goals for the next 20 years: Enable Smart Sensors

* Novel sensors; CMOS sensors

* Low power, low noise, ultra-sensitive analog for
sensor signals

» Advanced digital architectures and verification
methods

» Al-on-chip, Quantum cryoelectronics, 6G and
beyond

* Integrated high speed communication between
modules and off-detector

Extremely important to work with industry to leverage production-scale processing

2= Fermilab
RDC4 Meeting



Microelectronics at Fermilab: Quantum/Cryo Analog

 Advances in HE P, DM Cryogenic operation

Large channel count

detection, quantum imaging Photon rosoving . D1
demand better detectors: Partco recking and 0 ——— )
[S)'?]r;(l :I:ti‘rsxraging Power optimization
> Extreme spatial/temporal Spectioscopy ) M peaes g
. Material science | S ' Discrimination
resolution ot bt VW Event selection and

OF THE UNIVERSE

feature extraction

- Extreme environments
(cryo, rad-hard)

ON

Integrated
sensing

- Extremely low noise (< 1 e-)

« Beyond CMOS technology
demonstration:

Low-power, low-noise
= front-end

j High speed time tagging
i Large channel/pixel
=4 | count
= | Low latency control of
8 superconducting

- Cryo silicon photonics

. Monolithic integraton S """ electronics and detector
- Superconducting readout Superconducting interconnect technology T
(Indium BB + superconducting multi-chip interposer) Data buffering and high-speed links

- Quantum instrumentation

o ]
2 Fermilab
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Microelectronics at Fermilab: Digital & ML

. i ) _ ) FoMs for Science vs Industry ML
e Ever-higher luminosity and event rates in particle

trackers create a “data deluge”
* Need data compression at the edge, or valuable
physics data will be lost.

Ii =l CMS Experiment
e = - 40MHz collision rate

~1B detector channels FPGA filter stack
, ~pis latency 108 MLPerf Tiny (IC) 7]
=X Pb/s
JEN ) V Beam Control
1 {/ % ’ 3=

FastML Science

1010 -
Sensor Data Compression

S

Jet Classification
108 -

Streaming data rate [B/s]

o=

104_ il:‘ -
MLPerf Mobile (NLP)

Dn-detector 10s Tb/s

. Worldwide
ASIC compression W00skiz computing grid 102 | I | I | I
~100ns Ietencu > EXGb{tE'S[d\E q 0—9 1 0—? 1 0—5 1 0—3 1 G—I 1 OI 1 03 1 05
datasets Reference latency [s]
On-prem CPU/GPU
filter farm
~100 ms latency
2& Fermilab
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Technology Transfer at National Labs

45

ACADEMIC RESEARCH

Performance

Support interdisciplinary research

Enables new scientific discovery
and foundational engineering

Novel solutions

Mission: new knowledge and
education of students

5/18/2026

Adam Quinn | SPROCKET

NATIONAL LABS: ADVANCED SCIENTIFIC INDUSTRY — PRODUCT DRIVEN
INSTRUMENTATION

«  Support scientific experiments
operating in extreme environments

*  Mid-size scaling for large

+  Support consumer electronics

experiments *  Mature fabrication facilities
«  Mission: robust performance over +  Mission: incremental product driven
several decades design

Increase technology readiness level

2= Fermilab



All You Need to Know

Gate

1}

Delays a signal by a
few (~20) ps

46 5/18/2026 Adam Quinn | DILVERT Vernier TDC

Flip-Flop

Clock> b QF

Data (D) is captured at
the rising edge of clock.

Clock D | Qpext
Rising edge | 0 0
Rising edge | 1 1

Non-rising X | Q

£ Fermilab



Time-to-Digital Converter Design Trade-offs

Dynamic Range

/

Resolution

(Bin Size) /

Jitter «——— Power/Area

Linearity

J€ :
3¢ Fermilab
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Time-to-Digital Converter = A Counter?

Dynamic Range: Q,.x x 2V &

Resolution: T, &

Other Issues:

» Clock generator?

FO4 scaling (TT, low Vjp, high temp)

STOP

Liraws 0.18um | 0.13um | 0.10um | 0.07um | 0.05um | 0.035um
FO4, ps S 63 b3t 35 25 17.5
Frequency, GHz 0.7 I 1.25 1.3 25 36

48 5/18/2026 Adam Quinn | Precision Time-to-Digital Converters

Ho, et al. [3]

CLK —

EN

Counter

QTDC

& Fermilab



Gate-Level Resolution (Flash TDC)

Dynamic Range: Q,;.x x N &

Start

Other Issues: pxe) oy 5Q gl LPg
* Linearity & Mismatch Stop || Q—‘ [ Q—‘ [ Q—‘ r Ql ~ Q—|
« Thermometer decode 1 1 1 l

« Delay on the STOP line?
From Bockel [8]

J€ :
3¢ Fermilab
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Sub-Gate Resolution (Vernier TDC)

Dynamic Range: Qy x x N & g e

Resolution: « z,qc,, limited by jitter @  STAKT_J | -5 [+ {>Iz [

Other Issues:

* Need tunable delay elements

« Thermometer decode STOP—E—{_ _l_ _X_ =

 Processing time may be > Dynamic
Range Enomoto [7]

 Linearity & Mismatch |

J€ :
3¢ Fermilab
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Loop the TDC?

Start — EN

Counter

> CLK

Start

Q
T

e e e S I QcoARSE
qf o) al o} Q—|
Stop

Issues:

@1 o Qs @n-1 Qn . .

. v , e Jitter accumulation

QFINE  Pulse shrinking?
* Non-linearity (Cpqrgsitic On the
CLK line?)

J€ :
3¢ Fermilab
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Two-Step TDC?

Big Idea: Fine TDC for resolution,
MUX Coarse TDC for dynamic range.

Two “Steps”:

Stﬂb e 1. START propagates through
stop S e T e coarse TDC.
Delay- LmelTDC H oo 2. When STOP arrives, START is
coupled to fine TDC to
Enomoto [7] digitize residual.

Routing complexity &< N,,qrse

e Area still grows linearly with dynamic range...
* What about MUX/logic delay?

2= Fermilab
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DFF Interlock?

1
11
LDFF1 11 |Fine TDC
D Q : :
0—s _f
) stop FineTDC
-
. Fesidue
stop counter
\\ counter

Enomoto [7]

DFF1 aligns STOP_FINE_TDC to
the next clock edge.

Now:

Ti — Tcoarse - Tresidue

Signal path is always the same
—> no variable delay.

* But what’s the timing relationship between RO<0> and STOP?

53 5/18/2026 Adam Quinn | Precision Time-to-Digital Converters
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A Better DFF Interlock

.+ statFineToc  DFF1 has the same function as
_/:_ before.

DFF2 .. Fine TDC
D Q=
.t istop rineToc  DFF2 suppresses metastability
Trosicue of the halt signal.

stop counter

counter

Doesn’t this introduce delay?

o = UL — Constant, can be calibrated.
Enomoto [7]

2= Fermilab
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An Aside: Delta-Sigma TDCs

Timing Generator

~. CLKla CLK
CLK1 D M )
U
X
M PFDout INTout
U PFD Integrator Gomparator
X
NS
I M
urt
CLK2 bD— % GLK2a

Measure delay offset between clocks:

* One clock signal is delayed, depending on
feedback from output.

* Resulting phase difference is integrated.

Excellent resolution, but requires oversampling
- not very applicable to our application.

55 5/18/2026 Adam Quinn | Precision Time-to-Digital Converters

Dout

CLK1 CLK1
— by ]
CLK2 | CLK2
T
CLKla CLKla ]
z’ '
CLK2b —> CLKZ2b

+1

I

PFDout 0 PFDout 0

INTout 0 —/ INTout 0
CLK T_ CLK

1

1
Dout |_ Dout |_
0 0

(a) Feedback output D,,,, = 0 (b) Feedback output D,,,, = 1

-

2= Fermilab
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