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Motivation

DOE Basic Research Needs Study on High Energy Physics

Detector Research and Development

Future high energy, high luminosity hadron colliders will
present much higher levels of pileup and extreme radiation
environments

Future detectors will require higher segmentation (3D
position resolution) and additional time resolving capabilities
while sustaining higher radiation doses (Instrumentation BRN
— Science Driver: Higgs and the energy frontier - PRD10,
PRD16, PRD17, PRD18, PRD19, PRD20)

To satisfy requirements front-end sensors and readout ASICs
will need to be compatible with:

Larger channel density — Low power, Smaller feature size (Deep sub-
micron technologies)

Precision timing resolution — fast sensors, in pixel high precision
timing circuits

Unprecedented radiation levels (dose of up to 30 GRad and 1018
neutrons/cm?)
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Basic Research Needs for High Energy Physics
Detector Research & Development
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PRD: Priority Research Direction

Report of the Off
Needs for H

Grand
‘ Challenge ‘
PRD 1: Enhance calorimetry energy resolution for precision electroweak mass and | 1
2+ | missing-energy measurements
g PRD 2: Advance calorimetry with spatial and timing resolution and radiation hard- | 1,4
‘£ | ness to master high-rate environments
T | PRD 3: Develop ultrafast media to improve background rejection in calorimeters and | 1,3,4
particle identifieation detectors
PRD 4: Enhance and combine existing modalities to increase signal-to-noise and | 1,2
reconstruction fidelity
PRD 5: Develop new modalities for signal detection 1
PRD 6: Improve the understanding of detector microphysics and characterization 1
PRD 7: Extend wavelength range and develop new single-photon counters to enhance | 1,3
photodeteetor sensitivity
PRD 8 Advance high-density spectroscopy and polarimetry to extract all photon | 2,3
properties
PRD O Adapt [)lll]l(]ﬁ‘&lﬁl]h‘ for extreme enviromnents 2.4
PRD 10: Design new devices and architectures to enable picosecond timing and event §1,2.4
\scparation
PRD 11: Develop new optical coupling paradigms for enhanced or dynamie light | 1,2,3
collection
PRD 12: Advance quantum devices to meet and surpass the Standard Quantum Limit &l
= | PRD 13: Enable the use of quantum ensembles and sensor networks for fundamental | 1,2
Z | physics
; PRD 14: Advance the state of the art in low-threshhold quantum ealorimeters 1.3
< | PRD ance enabling technologies for 1,23
(&) RD 16: Develop process evaluation and modeling for s in extreme environmentsN 3,4
PRD 17: Create building blocks for Systems-on-Chip for extreme environments 1,4
PRD 1% Develop high spatial resohition pixel detectors with precise high per-pixel § 1,4
time resolution to resolve individual interactions in high-collision-density environ-
ments
PRD 19: Adapt new materials and fabrication/integration techniques for particle 2,3
tracking
RD 20: Realize scalable.irreducible-mass trackers 2,3
PRD 21: Achieve on-detector, real-time, continuous data processing and transmission | 2,4
to reach the exascale
PRD 22: Develop technologies for antonomous detector systems 2
PRD 23: Develop timing distribution with pleosecond synchronization 1
PRD 24: Manipulate detector media to enhanee physies reach 13
PRD 25: Advance material purification and assay methods to increase sensitivity 1,234
PRD 26: Addressing challenges in scaling technologies 23



https://science.osti.gov/-/media/hep/pdf/Reports/2020/DOE_Basic_Research_Needs_Study_on_High_Energy_Physics.pdf?la=en&hash=A5C00A96314706A0379368466710593A1A5C4482

Timing ASICs @ SLAC
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Tixel (SparkPix family)

Application: Photon Science
Detector Type: Hybrid PAD
Sensor: Thin Si

ASIC Technology: 0.13um
Resolution: 100ps

Pixel: 100x100pum?

TDC area: 85x45um?

TDC DR: 16bits (4 + 4 + 8) - 1us
TDC Power: 16pW
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HGTD (Altiroc)

Application: HEP

Detector Type: Hybrid PAD
Sensor: LGAD

ASIC Technology: 0.13um
Resolution: 20ps

Pixel: 1.3x1.3mm?

TDC area: 210x430um?

TDC DR: 7bits (5 + 2) — 2.56ns
TDC Power: 460uW (10%

occupanc
pancy) S ZMEGA

Microelectronics
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Radial extension:(active area)
+ 1<40 (R = 120 mm)
“ 2 _n>24 R = 640 mm)

SiPM ToF PET

* Application: Nuclear Medicine

* Detector Type: Hybrid

* Sensor: SiPM

* ASIC Technology: 0.13um

* Resolution: 10ps

e Channel width: 250um (64
channels)

* TDC area: 450x430pm?

¢ TDC DR: 11bits (5+2+4) — 20ns

e TDC Power: 650puW (10%
occupancy)

Front-end x 64
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ToF LiDAR (CRADA)

Application: Automotive
Detector Type: Monolithic
Sensor: SPAD

ASIC Technology: 0.13um HV
Resolution: 1ns

Channel width: 400um (80
channels)

TCSPC area: 200x140 pm?
TDC DR: 10bits

TCSPC Power: 1000pW




Delay Line TDC
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O Majority of modern TDCs is based on some

version of a delay-line structure: fm—— e —————— -
t, t, t, t, t,
START I Dll DZI D3I b4 ' N > o UsedinFPGA  °
Emmmn In out TDCS Ds
"E o Requires By
constant

= Ql ™= Q@2 ™ Q3 ™ a4 - QN
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U Basic element: Delay Cell

Currentstarved: <+  Shunt capacitor:

DS
In | Out

DG calibration in lj: out Delay oG 3 Delay
controlled ] controlled

thru current thru load

Differential delay cell with symmetric
loads (Maneatis cell [1]):
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L TDC resolution given by the propagation
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delay of the elementary cell: :

Minimum delay limited by fastest achievable
logic propagation delay in target technology

LSBTDC = tp

Vbp
Out-

o Frequently used
%- Fb-l ru;‘r -I[;l in PLL VCOs and
o DLLs

o Consumes Static
Bias Current

- — [1] J. G. Maneatis, “Low-jitter process-
independent DLL and PLL based on self-biased

techniques,” IEEE J. Solid-State Circuits, vol. 31,

no. 11, pp. 1723-1732, Nov. 1996.



Vernier Delay Line TDC
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L= 7 g \

O What if resolutions lower than minimum propagation delay is required? = Vernier Delay Line

0 START signal propagates in the Slow Delay Line (t, ;0w > tp fast)

tp_fast tp_fast tp_fast tp_fast tp_fast . . .
STOP l e l le 3 l ca l N O STOP signal propagates in the Fast Delay Line
*  The START pulse comes first and initializes the TDC operation.
*  The STOP pulse follows the START with a delay that represents the
= Q =~ Q@ "= a3 " o = QN .
time interval to be digitalized.
> > > > > * At each tap of the Delay Line the STOP signal catches up to the
START START signal by the deference of the propagation delays of cells in
._M». Slow and Fast branches, i.e., t, sow — tp rast represents the LSB of
s1 s2 s3 s4 SN time measurement.
ty stow Lp siow Lp siow Lp siow tp stow *  The number of cells necessary for STOP signal to surpass the START
0 Q1 Q1 Q2 Q2 Q3 Q3 Q4 QN-1 QN signal represents the result of TDC conversion.
Compare to the simple Delay Line, Vernier Delay Line allows for TDC resolutions
below the minimum logic propagation delay in the technology but suffer from
higher power and area consumption and slower conversion times.
Binl Bin2 Bin3 Bind BinN

Studying the logic propagation delay in the technology
LSBrpc = ty stow — tp fast necessary for defining the TDC architecture
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SVT Propagation Delay: HL / LH VS Corners
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Propagation Delay [ps]

Propagation Delay [ps]

-]
- FF
FS
- SF

HL Delay VS Nf & L @SVT, VDD=0.9, temp=27 (SCH)

corgpens TT couBees 55

wooshees FE

t,uL, SCH

FS ..#...5F

PR

Nf=1
L=35n

3.882
5.052
3073
3.401
448

Nf=1
L=40n

4.276
5.461
3.87
3.788
4.841

MNf=1
L=50n

513
6.433
4154

458
5.768

Nf=2
L=30n
2501
3818
2288
2471
341

Nf=2
L=35n

3.285
4157
285
2871
3787

Nf=2
L=40n

361
4527
2.947
3.188
4.102

Nf=2
L=50n

4.354
5.411
3.587
3.877
4518

Ni=4
L=30n
283
3702
2245
241
3352

=4
L=35n
317
401
2578
21768
3667

NF=4
=L40n

3476
4333
2.855
3.064
3961

Nf=4
L=50n

4.157
5.187
3.473
3731
4.757

Nf=3
L=30n
284
3707
2268
2412
338

L=30n
3351
4.545
2682
1889
33957

HL Delay VS

e TT

Nf & L @SVT, VDD=0.9, temp=27 (RCX)

-+ 55 FS .-#-..5F

Nf=g8
L=35n
3183
4.00%
2588
2761
3678

Nf=2
L=40n

3464
4.238
288
3.043
3964

Nf=8
L=50n

4.185
5.148
3.487
3714
4764

Nf=1
L=30n
7328
10.05
5556
633

Ni=1
L=35n
2248
10.59
£.399
7312

NF=1
L=40n
8.049
171
7.022
203

Nf=1
L=50n
1038
1346
8219
5353

Nf=2
L=35n
5771
7541
4555
5072

Nf=2 = MNf=2
L=40n

6.521
8374
5.204
5.754

Ni=4
L=35n
L.581
7258
4429
4.902

Nf=4
=L40n

6.294
8.041
5.051
5592

NF=4
L=50n
7431
5.406
6.02
B.652
8.366

Nf=2
L=30n
5.03
6714
391
4.317

8538 9386 1005 1158 6.607 | 7.37 6396 | 7.122 5.912

Propagation Delay [ps]

Propagation Delay [ps]

whnmuewd bR
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Ao FF

Fs

. SF

Nf=1
L=30n
3.48
4635
2859
3.957
3.034

Nf=1
L=30n
7782
10,84

591
8.583

621

LH Delay VS Nf & L @SVT, VDD=0.9, temp=27 {SCH) P VN

oo TT o Meea 55 wogene FF FS @ SF

t i, SCH

sonvf |
e _\t 50%

R J
.
Yy
-
l L
Nf=1 MNf=1 Nf=1 Nf=2 Nf=2 Nf=2 Nf=2 Nf=4 Nf=4 Nf=4 Nf=4 Nf=8 Nf=8 Nf=8 Nf=8 p
L=35n L=40n L=50n L=30n L=35n L=40n L=50n L=30n L=35n =L40n L=50n L=30n L=35n L=40n L=50n
4062 4632 5598 2904 3371 3831 4534 2766 3155 3616 4629 2663 307 3469 4426 _\
5259 5366 7.421 33819 4305 4735 6041 3631 4085 4505 5652 349 3507 4317 5397 50‘7 '
3208 3714 4881 228 2697 3113 403 2174 2561 2944 3838 2092 2482 2827 3675 °
-
451 5221 6697 3326 3814 4301 5455 3161 3605 4047 5131 3033 3451 3866 488
3591 4128 5335 253 12582 3419 4482 2405 282 3227 41% 131 271 3097 402
_ - CSO%
LH Delay VS Nf & L @SVT, VDD=0.9, temp=27 (RCX)
—_—

e TT M55 coeee FF FS @ SF

dl »
al >
tyin, RCX toLu
tp SCH™ 4p S
t ~8ps
Nf=1 | MNf=1 Nf=1 Nf=2 Nf=2 Nf=2 Nf=2 Nf=4 Nf=4 Nf=4 Nf=4 Ni=8 Nf=3 Nf=8 Nf=B pRCX p
L=35n  L=%0n L=50n  L=30n L=35n L=40n L=50n L=30n L=35n =l40n L=50n  L=30n L=35n L=40n L=50n
8782 | 5737 1197 5544 612165 7224 2534 5249 5933 6829 8445 5087 5751 6622 3194
1168 | 1268 1529 7417 8165 9225 112 7025 7711 8714 1057 6806 7475 8438 1024
678 7623 9512 4289 4532 5758 7237 4056 4668 5446 6849 3931 4526 5285 6.652
10 11 1341 | 6357 7.139 8156 59934 6042 674 | 765 9.41 L5831 6507 7427 9.029
7786 | 8702 1082 4844 5548 6444 | 2069 4534 | 5252 6097 7643 | 4442 5053 5918 7432



SVT Propagation Delay — Monte Carlo: HL / LH

Standard Deviation [fs]

Standard Deviation [fs]
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Nf=1
L=30n
2366
2803
2006
2278
24690

Mi=1
L=30n
5037

o044

5248

HL Delay 5td VS Nf & L @5VT, VDD=0.9, temp=27 (SCH)

Mi=1
L=35n
71
3145
2354

2633

ZE0.1

Mf=1
L=40n

HL Delay

ni=1
L=40n
5624

£53.4

S4BE

5781

codeees TT

Mf=1
L=50n
2064

=2
=30n
1355
1524
1165
1304
1418

B 58

Nf=2
L=40n
1401
1595
1237
138
1447

T

FF

1673
1884
1432
1637
1714

N4
L=30n
8922
1045
7582
8553
9354

Fa

=4
L=35n
9404
109
8327
8179
9863

Std VS Nf & L @SVT, VDD=0.9,

L=40n
265
3033

233
258.7
2723

2854
3358
2611
2323
Ims

Nf=a
L=30n
1715
2029
1462
165.6
178.4

F5

Nf=a
L=35n
168.7
1054
146.7
1638
1745

®..- 5F

atpHL,SCH

=4
=140n
1022
1157
8077
891

1058

Nf=4
L=50n
108
1227
5719
106.4
1119

Nf=E
L=30n
7055
B2.71
60.76
67.44
74.28

Nf=8
L=35n
67.88
77.96
58.56
6543
7075

temp=27 (RCX)

... 5F

Nf=a
=L40n
1912
2101
1678
1861

197

Ni=a4

ni=3
L=30n
1147
1355
9B.13
1104
1109

Standard Deviation [fs]

Standard Deviation [fs]
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.55
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Ni=1
L=30n
2216
260.1

150
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217.4

e

Nf=1
L=30n
5123
606.2
436.1
528.2
4986

LH Delay Std VS Nf & L @SVT, VDD=0.9, temp=27 [SCHE

.

Nf=1
L=35n
252
2928
2176
258.6
2457

Nf=1
L=40n
2877

329
2517
297.3
2785

LH Delay

Nf=1
L=35n
514.3
6035
4304
5316
4985

Nf=1
L=40n
575.4
669.1
495.8
595.8
556.2

Nf=1
L=50n
3411
387.8
299.4
353.3
329.2

Std VS Nf & L @SVT, vDD=0.9,

o

Nf=1
L=50n
706.9
8211
608.1
7327
682.1

T

Nf=2
L=30n
1195
1399

103
1223
1173

TT

Nf=2
L=30n
2447
289.3
2085
2517
2385

Nf=2

L=35n
1285
1482
1119
1516
1257

Nf=2
L=35n
2523
2945
217.3
259.4
2459

55

e

FF

FS

®..5F

atpLH,SCH

Nf=2
L=40n
176.7
200.6
155.5

182
1715

55

atpLH ,

N2

L=40n
3113
357.8
271.2
3229
300.4

e

Nf=2
L=50n
1999
226.9

176
206.5
1936

FF

NF=2
L=50n
3511
4043
304.9
363.6

339.2

Ni=4
1=30n
8927
1038
77.44
9112
87.72

Nf=4
L=30n
164.3
1931
1408
168.9
1604

Ni=d
1=35n
9201
1059
80.27
941

90.0:

F5

i

Nf=4
L=35n
180.7
207.8
157.8
186.9
175.1

Nf=4
=L40n
1011
1148
B9.13
104
98.37

Tppepid

Ni=4
L=50n
1224
1384
108.2
126
1189

Nf=B
L=30n
57.29
65.87
50.15
58.24
56.53

Nf=B
L=35n

temp=27 {(RCX)

®..-SF

RCX

Ni=4
=L40n
1817
209
158.2
187.9
175.9

NF=4
L=50n
210.1
2413
183.1
217.1
2035

N=E
L=30n
102.6
1196
88.63
105.3
100.

NF=8
1=35n
1126
1309
97.39
1154
1101

=]
L=40n
1386
1597
1202
142.3
1349

,-;ll

Ni=B
L=50n
152.6
174.5

1334
157.6

1478

Settings:

* Global Corner +
Local MC

* 5 corners:

Q7T 0.9V, 27°C
4 ss, 0.9V, 27°C
U FF, 0.9V, 27°C
Q Fs, 0.9y, 27°C
U SF, 0.9V, 27°C

* N°of runs per
corner: 200

o-tpSCHNZOOfS

O-tpRCX~4‘OOfS



SVT Current Consumption: Leakage / Dynamic@1

Leakage | VS Nf & L @SVT, VDD=0.9, temp=27 (SCH}

corggees TT coBBeea55 ooy FF

Ileakage» SCH

F5 --.#...5F

Current [nA]

Nf=1 Nf=1l | Nf=1 Nf=
L=35n L=40n L=50n L=30n L=35n L=40n L=50n

-#...TT 1614 05167 0.2723 0.1526 3918 1411 0781 04238
--B...55 02158 00347 0.0501 00321 0.5204 0.226% 0.1387 0.0346
g+ FF 1439 354 1661 08329 3472 9653 4735 2346

Fs 638 1734 039478 05469 16.16 5034 2346 1554
--&...5F 3041 07795 0272 00861 6715 182 0.6678 0.2204

L=35n
3.456
0.5436

=140n
1358 1016
0.2415 0.1524
2372 1209 5671
125 7214 3741
4334 163 0537

2405
1625
68.67
3862

T34
Ea
15.44

Leakage | VS Nf & L @5VT, VDD=0.9, temp=27 (RCX)

corgpes TT coBeei 55 cooggeeeFF FS ...8...5F

Ileakage: RCX

"

Current [nA]
o BB HESSIEE S

oWl
e
s nnion i
Mf=2 = MNf=4 Ni=4
L=35n =140n L=50n
1872 1006 04328
03106 0.1867 01043
12,58 6033 2613
7115 3745 174

B

l.’:uu.‘-.

Nf=2  hf=2
L=30n L=35n
2443

Th=a
L=30n

W
Nf=2
L=A0n  L=50n
0.8041 0.4137 0.2034 505
03319 01352 0.0786 0.0457 0685

-
Nf=1
L=50n
0.070%
0.0173
0.3697
0.2428
0.0426

e
Nf=1 Nf=1 Nf=1
L=30n L=35n L=40n
09935 0.2912 0.1429
0.1371 0.0503 0.0286
@ FF 8737 154 0.8483
FS 4517 1044 05007
1253

Mf=2 Mf=2

L=30n
5.988
1352
&7.33
4173

. TT

141
136
by

5374 2485 1083 4441
3043 1524 07362 134

0.3434 0.1277 0.7978 0.3089 0.1065 6255 1859 07348 02515 1572

416

2071
0.7201 04025

588
14.34
4.043

11.61
7.474
1269

X ~0.5

1152
0.3956 0.2133

5.502
3613
05743

131
7875
1753

Current [na]

Current [nA]

4. TT 03188 03316 0.3447

oo FF 03289 0.3411 0.3545

I-gl.z
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Dynamic | @ 1MHz VS Nf & L @5VT, VDD=0.9, temp=27 (SCH) -
oo TT M55 oo FF F§ ..@..5F

liyn@imuz, SCH

‘.“",gm.up‘mu
el P,

Nf=2
L=40n  L=50n

059 06223 06778 1141
05767 06011 06524 1105
06202 0647 07053 1134

Nf=4
L=30n

Nf=4
L=35n

1182
1153
1242
1178
1201

Ni=4
=L40n

1245
1202
1236
1233
1253

Nf=4  Nf=2
L=50n  L=30n

1356 2283
1306 2209
1412 2401
1345 2241
1364 2316

Nf=2
L=35n

2386
2307
2492
2359
2405

Nf=2
L=40n

2432
2.406
2.597
24683
2508

Nf=1
L=30n

Nf=1
L=35n

Ni=1
L=40n

Nf=1 = Mf=2
L=50n  L=30n

0.3725 0.5704
0.362 0.5526
0.3839 0.5957
0.3636 0.5593
0.3745 0.5773

Nf=2
L=35n

MNf=2

-+55 03121 03242 03363

F3 0314
-+ 5F 0322

03283 03417
0.3337 03467

05832 06162 0672 | 1119
0.6005 0.6263 06816 1158

Dynamic | @ 1MHz VS Nf & L @5VT, VDD=0.9, temp=27 (RCX)

T

-85 g FF ES ..#...5F

I RCX

s dyn@1MHz

35

3

25 e

2 .“"“.._umﬁ"‘“"

15 v

1 va e rnnallieensied

0s ket
Nf=1l  Nf=1 Nf=1 Nf=1 Nf=2 Nf=2 Nf=2 Nf=2 Nf=4 Nf=4 Nf=4 Nf=4 Nf=8 Nf=E N=8
L=30n L=35n L=40n L=50n L=30n L=35n L=%0n L=50n L=30n L=35n =l40n L=50n L=30n L=35n L=40n
065359 0.7056 0.7152 0.7471 09472 05775 104 109 132 18395 2024 12152 32581 3726 32989
06206 0.7013 0.7138 0739 059316 096 102 1073 175 186l 1985 2104 352 3658 32912
07022 0713 07271 07565 0.9712 1001 1084 1126 1374 1542 2072 2207 2679 382 4087

F5 0.6895 0.7022 0.7161 0.7437 0.9387 057028 1034 1092 1205 18282 2012 2141 3547 3701 2966

- 5F 06957 07072 072 07489 09518 09815 1044 1102 1835 1903 2032 216 36 3741 4004

MNf=3
L=50n

2715
2613
283
2694
2719

X ~1.8

Nf=2
L=50n
41257
4162
4366
4235
4371



SVT Propagation Delay VS corners, VDD, temp

Propagation Delay [ps]

TID-D ev1 A S
oIk M\
Delay VS Nf & L @5SVT [RCX])
2z
TT, SS, FF, FS, SF tpuL + tpLn

20

18

16

1z

10

Mi=1
L=30n

t,, RCX

MNf=1
L=38n

Hi=1
L=40n

MWF=1
L=50n

Hf=2
L=30n

MNf=2
L=40n

Mf=2
L=50n

Nif=4
L=30n

=g TT (@ VOD=08; temp=-40 @+ 55 @ VDD=0.8; temp=-40 - @« FF @ VDO=0.8; temp=-40
e TT (@ VDD =03; temp=-40 =l 55 (@ VDO=0.5; temp=-40 = FF @ VDO=0.9; temp=-40
—& . TT @ VDD=1;temp=-40 —8-. 55@VDD=1;temp=-40 —=®- FF@ VDD=1; temp=-40

seobeos TT 4@ VOD=08; temp=27 ¥ 55 @ VDD=0.8; temp=27 -+« FF @ VDO=0.8; temp=27
e TT M@ VDD=09; temp=27 e 55 (@ VDD=0.5; temp=27 = FF @ VD D=0.9; temp=27
= TT@VDD=1;temp=27 =—. 553@VDD=1;temp=27 =—x- FF@ VDD=1;temp=2Z7

ey TT @ VDD=08; temp=125 -+~ g+« 55 @ VDO=0.8; temp=125 - g+ FF @ VOD=0.8; temp=125
—t—TT @ VDD=0 3; temp=125 == 55 (@ VDD=0.5; temp=125 =——jr— FF @ VDD=0.9; temp=125

=k TT@VDD=1;temp=125 =——k- 35 @ VDD=1;temp=1I% =——k- FF@ VDD=1; temp=125

Hf=4
L=35n

VDD = --- 0.8V, — 0.9V, —- 1V

o

Mf=4
L=50n

Wf=B
L=30n

Nf=E&
L=35n

Mf=8
L=40n

F5 @ VDD=0.8; temp=-40 ---@- 5F @ VDD=0.5; temp=-40
F5 @ VDD=0.9; temp=-40 —&— 5F @ VDD=0.% temp=-40
F5 @ VDD=1; temp=—30 —=#& . 5F @ VDD=1; temp=-40

F5 @ VDD=0.8; temp=27 .-+ 5F @ VDO=0.8; temp=27
F5 @ VDD=09; temp=27 =i 5F @ VDD=0.%; temp=27
FS @ VDD=1; temp=27 =+ 5F @ VDD=1; temp=27

FS @ VDDO=0.8; temp=125 - & 5F @ VDD=0.8; temp=125
FS @ VDD=0.9; temp=125 =——gr— SF @ YDD=0.%; temp=125

F5 @ VDD=1; temp=125 =ik - 5F @ VDD=1; temp=125

.

temp = @ -40°C, x 27°C, A 125°C

Nf=B&
L=50n

P: 2

* Best Case (Fastest):
FF @ VDD=1V & -40°C

* Worst Case (Slowest):

SS @ VDD=0.8V & -40°C
[expected: SS @ VDD=0.8V & 125°C]

WorstCase

— " 1.9
Typical
BestCase
—— ~0.68
Typical

* Typical:
TT @ VDD=0.9V & 27°C



Propagation Delay [ps]

SVT Propagation Delay VS corners, VDD, temp .

Delay VS Nf & L @SVT [RCX) Delay VS Nf & L @SVT (RCX) oIk M\

.\ A 125°C . ® — 40°C
RS _2C VDD=1V, TT,SS, FF . ig X 27°C ypp=0.9y, 17,55, FF  * Verysmallvariation

Vi A 125°C i
PR with temperature
) . \o\ °
427 A . A 125%C Ally at
477 AN
T it A P 3 X 27°C [especially a
~ A . &
23 AN P A L ® — 40°C VDD=0.9V)] (?)
32 o H 2% AN TR i H
AP\ A B AN A7 4}
(3 o l\ e Ny ) i ad W \}\ Reckd /),.’ -
287 \3‘_‘% a7 L ///3,‘\\\: .‘P:} AN = ;/’/i ,
3 W g™ NN A AR g « At VDD =0.8V, the delay
‘K\ > WSy ™ WW /f f
i p NA 5 , is higher for lower
S S S O S N AN N S - temperatures [weak

—4 - TT @VDD=1;t=mp=40 —@ - 55@ VDD=1;temp=-40 —& - FF @ VDD=1;temp=-40 —- TT @ VDD=1;temp=27 —¥- 55@ VDO=1; temp=27 —o—TT @ VDD=05; temp=-40 ——53 @ VDD=0.5; temp=-40 ——FF @ VDD=0.5; temp=-40 —w—TT @ VDD=0.9; temp=27 =233 @ VDD=0.9; temp=27 I nve rs I O n effe Ct (?);
= FF@VDD=1;temp=27 =k TT@VDD=1;temp=175 =k 53 VDD=1; temp=175 =k« FF @ VDD=1; temp=175 4= FF @ VDD=0.5; temp=27 =TT @ VDD=0 3; 1emp=125 —d—33 @ VDD=0.5; temp=125 —k—FF @ VDD=0.9; temp=125
Delay VS Nf & L @SVT (RCX) I > I (?)]
= dif fusion darift \:
t 44— @ —40°C

+—_ X 27°C VDD =0.8V, TT, SS, FF
*—— A 125°C

E
Fu
8
g
10
3
° =
—"
s
Nt Nl Nt el W2 Nf2 N2 N2 Wish NfE Nfd NEsd  NI-E MM N8 NisB
Ls30n LsESm Ls60n  A=SOn  L=30n  L=3Sn L=d0n L=S0n  L=30n  L=35n  sLOn  l=S0n  L=30n  Le3Sm  Ledon L=50

- .. TT @ VDD=0 8; temp=-40 .- 55 @ VDD=0.5; temp=—40 ---8 .- FF @ VDD=0.8;temp=—40 ---X-- TT @ VDD=0.3;temp=27 ---X---55 @ VDD=0.8; temp=27
< ¥ors FE @ VDD=0.8; temp=27 ++-gher: TT @ VDD=0.8; temp=175 .svde++ 53 @ VDD=0.5; temp=125 --vd+ FF @ VDD=0.5; temp=125



Propagation Delay: SVT, LVT, HVT

TID-ID €v1 A/

Propagation Dalay [ps]

32

27

t,, RCX

Delay V5 Nf & L (RCX

L= 7 g \

ty

Lyasvr

Normalized Delay V5 Nf & L (RCX)

,RCX

Nf=1
L=40n

Mi=1
L=50n

Nf=2
L=30n

Hf=2
=35

Ni=2
L=40n

Nf=2
L=50n

Nf=4
L=30m

Nf=4
L=35n

Nf=a
=L40n

NE=4
L=50n

s VT @ 55 @ VDD=0.5; temp=-40 ==e==5VT @ TT @ VDD=0.5; temp=27 == SVT @ FF @ VDD=1; emp=-40
VT @ 55 @ VDD=0.5; temp=40 /T @ TT @ VDD=0.5; temp=27 /T @ FF @ VDD=1; temp=-40
«+ 84+ HYT @ 55 @ VDD=0.5; 12mp=-40 et HVT @ TT @ VDD=0.5; temp=27 ==be HVT @ FF @ VDD=1; temp=40

SVT

HVT

Ni=B
L=30n

Hi=1
1=30n

NE=1
L=35a

Nf=1
L=40n

Nf=1
L=50n

Nf=2
L=30n

NE=2 NE=2
L=35n L=40n

Nf=2
L=50m

Nf=4
L=300

Nf=4
L1=35n

NE=a
=L40n

NfzE =]

- Nf=3
L=30n L=3s

L=40n L=50n

Nf=g
L=40n

NfzE
L=50n

oo = SVT @ 55 @ VDD=0.8; temp=-140 stem ST @ TT @ VDD=0.5; temp=27 =i SVT @ FF @ VDD=1; temp=-40
WT@ 55 @ VDD=0.8; temp=-40 WT@TT @ VDD=09; temp=27 VT @ FF @ VDD=1; temp=-40
+« @« HVT @ 55 @ VDO=0 8, temp=-40 ==ge= H\'T @ TT @ VD=0 3, temp=27 == HVT @ FF @ VDD=1; temp=-20

---m SS; VDD = 0.8V; temp = —40°C
— @ TT; VDD = 0.9V; temp = 27°C
—--X FF; VDD =1V; temp = —40°C



Propagation Delay — Monte Carlo: SVT, LVT, HVT

TID-ID €v1 A/

Delay Std VS Nf & L (RCX

o, RCX

®
H
@15
1
os . - ol X 3 ot
=+ 2
=X
ni=1 nr=1 Wizt Ni=1 nr=2 Ni=2 ne=2 =2 ne=a [ T Ni=g
=300 1=3%n  L=d0n LS00 L=30m  L=36n  L=40n  L=bOn  L=30n =35 =lddn  1=50n  L=30n
- SVT @ FF @ VDO=1;12mp=40  ++ M+ SVT @S5 @ VDD=08; temp=-40 mmtmmS\T @ TT @ VDD=0.5, temp=27
VT @ FF @ VDD=1; temp=—40 VT @55 @ VDD=0.8; temp=-30 T @ T @ VDD=05; temp=27
e HVT @ FF @ VDD=1; tomp=40 +1hs HVT @ 55 @ VDD=0.; temp=-40 mmtmmm HVT @ TT @ VDD=0.5; temp=27
Delay Std % V5 Nf & L (RCX
7
s
£
H
zs
g
§
Ss

Ni=1 ne-t Ni=3 =

- Ni=1 =1 [ nr=2 Ni=a Ni=d Ni=t Ni=a ne=g
L=30n  L=35n =400 L=SOn  L=30n  L=35a 0n LeSon  L=30n  L=3Se  =la0n =50 L=30n
e SVT @ FF @ VDD=1;temp==0 ++#++SVT @ S5 @ VDD=0.2; temp=-30 = VT @ TT @ VDD=0.9; temp=27

LVT @ FF @ VDD=1; temp=-40 T @55 @ VDD=0.8; temp=40 T @TT @ VDD=0.9; temp=27

s HVT @ FF @ VDD=1; temp=40  «&8++HVT @ 55 @ VDD-0.5; t2mp=40 st HVT @ TT @ VDD-0.9; temp=27

Ni=g
L=35a

Ni=g
L=350

(=
1=a0n

Ni=g
L=20n

=
L=50n

18

Standard Deviation / Standard Deviation @SVT

Standard Deviation % / Standard Deviatien % @SVT

Normalized Delay Std VS Nf & L (RCX

o-tp/o-tp@SVT!RCX
[ TR
T o T e T T
L=30n  L=350  L=d0n =50 L=30n =354 L=40n L= L=30n  L=35n  =l40s  L=50n  L=30n  L=3Sn  L=a0s  LeSOn
e SVT@F @VOD-1;temp==0 ««BesSVT @ S5 @ VDD-0.5; termp—40 mmtemm SVT @ TT @ VDD-0.5; temp=27
VT @ FF @ VDD=1; temp=-20 VT @ S5 @ VDD=0.5; temp=20 WT@ T @ VOD=05; temp=27
= HVT@ FF @ VDD=1; emp=40 **B++HVT @ 55 @ VDD=05; tzmp=—30 === HVT @ TT @ VDD=0.5; tamp=27
Normalized Delay std % VS Nf & L [RCX
(atp/utp)/(atp/utp)  RC
n @SVTF "
M=l Ml mEsL w2 e M=z NE=3 NP6 W=t Nfes NER NfsR NfE Niss
L30n Le3Sn L=ddn =300 L35n L Ls0n L=30n  L=35n  sledn  L=5On  L=30n  L=3Sn  LefOn  L=50n

e SVT @ FF @ VDD=1; temp=40
YT @ FF @ VDD=1; temp=-40
= HVT @ FF @ VDD=L; temp=40

@SV @55 @ VDD=05; temp=—40
YT @55 @ VDD=0.8; temp=40

e SVT @ TT @ VDD=0.5; temp=27

WT@TT @ VDO=09; temps27

e HYT @ 55 8 VDD=0.5; t2mp=40 = HUT @ TT @ VDD=0.5; temp=27

T M
Settings:
* Global Corner + Local MC
* 5corners:

QTT, 0.9V, 27°C
4 ss, 0.8V, -40°C
U FF, 1V, -40°C

* N° of runs per corner: 1000

g
. 2 similar (+24%, -11%)

)
for SVT, LVT and HVT
structures

SVT

HVT

---B SS; VDD = 0.8V;T = —40°C
— @ TT; VDD = 0.9V;T = 27°C
—--X FF; VDD =1V; T = -40°C



Current [na]

Leakage Current: SVT, LVT, HVT

TID-D e~1 A/

I leaka
ge
Ileakage: RCX

,RCX
I leakage@SVT

Leakage | VS Nf & L [RCX)

Normalized Leakage | VS Nf & L [RCX)
-
* log scale * log scale
wo
w0
"

=
3
-1
£
g
1 E :
£
£
3
01
01
P RUTRSS EETTIT RN
001 o =T
i CTTTVIN S
L IS PR
B SPPRIIY PO
0.001 -
Nf=1 NE=1 nf=1 NE=1 nf=2 NE=2 Nf=2 Hf=2 Ni=d Nf=d Nf=d NPz NE=8 =8 NE=E Ni=8 Ni=1 Mf=1 Hf=1 NE=1 nf=2 Nf=2 Hf=2 Nf=2 NE=s Nf=4 Ni=4 Nf=4 Hf=8 Nf=8 Nf=g =g
L=30n  L=350  L=30n  L=50m  L=30n  L=35n  L=40n  L=50n  L=30n  L=35n  =L&Dn LSO  L=30  L=35n  L=40n  L=30n =30 1350 L=d0n  L=SOn  L=30n  L=350  L=40n  L=S0n  L=30n  L=35n  =l40a  L=S0m  L=30n  l=35n  L=40n  L=S0n
o800 SYT @ 35 € VDD=0.2; temp=40 =8 SVT @ TT @ VDD=0.3; temp=17 =—He SVT @ FF @ VDD=1; temp=40 o Wea VT @ 5 @ VDD=D.5; temp=—40 st SVT @ TT @ VDD=0.5; t2mp=27 wette SVT @ FF (@ VDD=1; temp=40
VT @ 53 @ VDD=0.5; temp=40 WT@TT @ VDD=09; temp=27 VT @ FF @ VDD=1; temp=-40

WT @ 58 @ VDD=0.8; temp=-40 WT@TT @ VDO=09; temp=27 WT@ FF @ VDD=1; temp=-40
«o @« HVT @ 55 @ VDD=0.8; temp=-=40 e HVT @ TT @ VDD=0.5; temp=27 === HVT @ FF @ VDD=1; temp=-40

=+ @+« HVT @ 55 @ VDD=0 8 temp=-30 sefgemm H\'T @ TT @ VDD=0.9; temp=27 ==pe H\T @ FF @ YDD=1; temp=-40

SVT ---m SS; VDD = 0.8V; temp = —40°C
— @ TT; VDD = 0.9V; temp = 27°C
HVT —--X FF; VDD =1V; temp = —40°C



Dynamic Current @1MHz: SVT, LVT, HVT

TID-ID €v1 A/

L= 7 g \

Idyn@lMHz

Liyn@imuz RCX JRCX

lLiyn@1mHz@sVT

Dynamic | V5 Nf & L (RCX) Normalized Dynamic | VS Nf & L (RCX

102

Current / Current @SVT

osa

LES

034
ni=1 Mi=1 Hi=1 Nf=1 Nf=2 N=2 Nf=2 Nf=1 Hi=g Hf=4 Nf=a ni=4 NE=g Hi=E Wf=8 HE=g Hf=1 Hf=1 Nf=1 Nf=1 Nf=2 NF=2 NE=2 Mf=2 Nf=4 Mfz Hf=g ni=g NizB NfzE Nf=g Nf=g
L=30n L=35n L=d0n L=50n L=30n L=350n L=40n L=50n L=30n =350 =140n L=50n L=30n L=35n L=40n L=50m L=30n L=35n L=40n L=50m L=30a L=35a L=40n L=50n L=30n L=35n =L40n L=50n L=30n L=35a L=40n L=50m

++ @ s ST @ 55 @ VDD=0.8; tamp=-40 ==t SVT @ TT @ VDD=0.5; temp=27 === SVT @ FF @ VDD=1; mmp=-40
VT @ 55 @ VDD=0.8; temp=40 WT@TT @ VDD=0.9; temp=27 VT @ FF @ VDD=1; temp=-40
e 8 e o HVT @ 55 @ VDD=0.8; termp=—40 st HUT @ TT @ VDD=0.9; temp=27 mebe HVT @ FF @ VDD=1; temp=40

SVT

HVT

---m SS; VDD
—@® TT; VDD
—-X FF; VDD

1+ s SVT @ 5 @ VDD=0.5; temp=-20 metbmme SVT @ TT @ VDD=0.5; 12mp=27 =ee SVT @ FF @ VDD=1; 2mp=40
VT @ 55 @ VDD=0.8; temp=40 WT@TT @ VDD=0.5; temp=27 WT@ FF @ VDD=1; temp=-40
s HYT @ 55 @ VDD=0L8; temp=40==8==H\T @ TT @ VDD=0.5; temp=27 =M+ HVT @ FF @ VDD=1; temp=-40

= 0.8V; temp = —40°C « Dynamic consumption very
= 0.9V; temp = 27°C similar (+5%, -4%) for SVT,
temp = —40°C LVT and HVT structures



More complex Delay Cells

TID-D €~1 A/

Delay VS temp & VDD (SCH) [ =Y \ Y
U Differential Cascode Voltage Switch ol . tha SCH
Logic (DCVSL) implementation: - T,
DS gli
Cell variants: :_., S Eiogy, g et oseree -

Cell A: nmos: SVT; pmos: HVT
* Cell B: nmos: LVT; pmos: HVT
* Cell C: nmos: LVT; pmos: SVT
* Cell D: nmos: LVT; pmos: LVT

MOQOS dimensions:

* Wp=100n

* Wn=240n

* L=35n

* Nf=4

Layout:

* M1&M2 —Signal Connections

M3 — VDD & GND planes
covering the cells

&

]

Propagation Delay [ps)
@ w

w@e TT o We SS o de FF FS SF

Delay VS temp & VDD (RCX)

u,
- t,a RCX
u,
..., i .
Trrge] . TRPR. 5. . *First layout
i, iteration had
el . Bggeendeen Heeeb, - Weootors . propagation
....... AL delay 3.5x times
TP P rvoodboog ..., i LU M bigger than in
-"-‘ ....... Asseecee 'y .
VDD = 0.8V VDD = 0.9V VDD 1V the schematic;
tempesote, tempezric,  tempeizsic c, remp parasitics play a

big role



More complex Delay Cells: Propagation Delay

TID-ID e~1 A h

Propagation Delay [ps]

a0

Propagation Delay [ps]
] E]

"
5

10

Delay VS temp & VDD (RCX

T, A RCX

._‘.

Seees .

..... 72::-. X '--...c--._....
+ -'.’".. .

Areederew., ba R 5‘21\"“" Wesossosolecsnsscd
’ A."- bE T

N "ﬂnnnmnnnu

VDD = 0.9V

,  temp=125°C, temp=-40°C, temp=27°C, ln’p 125 c \eﬂp Jcr_ temp=27°C, temp=125°C
VDD=0.2V VDD=0.9V VDD=0.5'
s TT o Me 55 o e FF FS » #e SF
Delay VS temp & VDD (RCX
- C,RCX
.
com.,
.,
.
‘o,
.
"e
.
*e
.
.
"""'-I--oc-..‘
..
e
. .
Cmeeshesilisssdeced

B T e i 2V

Avsedesagman,,.,

“eh .
e, } Ttagprrratagnitiing
“Shecsscscdecsssnnny,
)

B P S S LI L L )

VDD 1V

temp=27°C,

VDD = 0.8V

. te'1p 125°¢, temp=-20°C, t= €,
DD=0.8V VDDB=0.8Y v '

VDD = 0.9V

temp=125°C, temp=-40°C,
VDI ‘

swe TT oMo 55 s we FF FS = @ SF

temp=125°C
VDD=1v VDD=1v

3 4

Propagation Delay [ps]
™ v
3

12

30

?

Propagation Delay [ps]
©
5]

Delay VS temp & VDD {RCX

. B,RCX
"t ]
*Atsecscsgecnnns .,
Sree,
temp=-40°C, temp=27°C, temp=125°C, temp=-40°C, temp=27°C,
vDD=0D.BV VDD=0.8V VDD=0.8V vDD=0.3V vDD=0.9V VDD=0.9'
ews TT o Mo 55 e me FF FS » @e SF
Delay VS temp & VDD (RCX
. D,RCX
..,.'..
'I.-.-
-,_..
®e
L
*e
Beeereesdonns,,.p
‘-..""
®ig.l,
LEEEEY
R
H -
i L R Ty o
Asecsnnaog,
'--.-.‘..
..." LX X XY
Y *ehesns, .,_..."...
temp=-40°C, te temp=125°C, temp=-40°C, temp=27°C, =125°
vDD=0.8Y } wDD=0.9v vDD=0.9v

swe TT o Me 55 s me FF

temp=125°c, mrw -ao'c,

5'C, temp=-40°C,

F5 s ®e 5F

Dl AN

Cell variants:

* Cell A: nmos: SVT;
pmos: HVT

* Cell B: nmos: LVT;

pmos: HVT

Cell C: nmos: LVT;

pmos: SVT

* Cell D: nmos: LVT;
pmos: LVT

‘Besssssclesssascdm
R TXTERLER TR R

VDD 1V

temp=27°C, tEMp=125°C
VDD=1V D)

Very low propagation
delay dependance on
temperature

.
‘Wesossssedbossncecl

Resssssssocssened

temp=27°C, temp=125°C,
VDD=1v vDD=1v vDD=1v



More complex Delay Cells: Leakage Current

TID-ID €v1 A/

Current [nA]

Current[nA]

Leakage Current VS temp & VDD (RCX)

Leakage Current VS temp & VDD [RCX)

1000 10000
A RCX =4 Ui B,RCX
) ity 2812 X )
o2, 1934 4
ot o 1385
100 a 8_‘ . 1000 .
10 100
T
=
; K 3365
3 ot
1 o 10 . 2
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03232 &, = D PRI
0.2297 % £ o =
- 0172 ¥ o c e
01 \ 1 0599 % ot
o758 & oa7131‘ ooms7 o
"0
0.2726
0.1993 "
VDD 1V B VDD = 0.8V VDD 1V
-a0°¢, -s0%c, 125°C, temp=-40°C, =
VDD=0.3V 1w 0.5V 0.8v v v
e#s TT o Me 55 o me FF FS « ®e SF s@e TT & M 55 o me FF FS » ®s SF
Leakage Current VS temp & VDD (RCX) Leakage Current VS temp & VDD (RCX)
10000 10000
C,RCX D,RCX e
3335 -
) 2555 4 md b 2278 ) 2662 4 ."' o 2307
vl 1838 .- [ om0 A s
. . - - | 1247
1000 - . 1000 . - - 5823 & 1105
i (2728 % s B s R “5*‘ . . -
. o Wazo2 . o -
N 2755 W,* FELEY + e R
L 1829 .
. -
o

® 03415

..VDD =0.8vV

0.1582

01

8V

swe TT « He 55 s ae FF F5 » ®s SF

L)
- .
501 Vi

VDD=0.8V

s®e TT o He 55 s me FF F5 » ®s 5F

L= 7 g \

Cell variants:

Cell A: nmos: SVT;
pmos: HVT
Cell B: nmos: LVT;
pmos: HVT
Cell C: nmos: LVT;
pmos: SVT
Cell D: nmos: LVT;
pmos: LVT

Very high leakage

c

urrent dependance

on temperature



Voltage-Controlled Delay Cells — Quick Comparison _ .

Current-Starved Delay Cell - SCH
- TT @ VDD=0.9V & 27°C
e | SS @ VDD=0.8V & -40°C

O Current-Starved Delay Cell:

Best Case: FF @ VDD=1V & -40°C

Shunt-Capacitor Delay Cell - SCH
TT @ VDD=0.9V & 27°C
SS @ VDD=0.8V & -40°C
Best Case: FF @ VDD=1V & -40°C




Next Steps

TID-ID_€v1 A />

L= 7 g \

O Design and layout of Current-Starved and Shunt-Capacitor delay cells (different variants)
O Performance comparison between CS and SC approaches
O Schematic and layout optimization of the chosen Voltage-Controlled Delay Cell

O TDC architecture definition & design
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