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AGH
e 10b ADCin CMOS 130nm and 65nm

* Motivation
* Architecture considerations
 ADC design
 Measurement results
e Static and dynamic metrics

* Power consumption
* Radiation hardness

 TAC (Time to Analogue Converter)-based TDC

* Architecture and design
* Post-layout simulation results

+Measurementresults (no data yet...)

* Summary
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Demands for readout electronics in high energy
physics experiments are constantly rising:
* Higher luminosity — more events — more data
* Calorimetry — needs amplitude measurement
and digitization:
 ADC (FE pulse maximum)
 TDC (FE pulse time over threshold)

* Increasing complexity of event reconstruction starts to require:
 Amplitude measurements in trackers (e.g. Upstream Tracker in LHCb)
e 4-D detectors (pixel detector with precise timing measurement) not in scope of this talk

e Putting an ADC in each readout channel fairly not possible in the past:
e Large power consumption (much higher than analogue FE)
* lLarge die area


http://www.agh.edu.pl/

1l

agh.edu.pl

Jakub Moron, Low power, high accuracy ADCs and TDCs


http://www.agh.edu.pl/

i

AGH \Various features/parameters are important in ADC design/applications: effective

resolution (ENOB), power, sampling frequency, area, etc... and can be used to
create the “Figure Of Merit” (FOM) for ADC

P
f, - 2ENOB

 Walden FoM [Walden, 1999] FoMy, =

BW
e Schreier FoM (DR) [Schreier, 2005] FoMspr = DR + 10log (T)

2
* Schreier FoM (SNDR) [Ali, 2010] FoMs = SNDR + 10log (fs}{ )

FoM,, is often given as:

* FoM,,"", measured at input sine with almost Nyquist frequency
* FoM,,, measured at lower input frequency
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Introduction to ADCs/DACs: Metrics, Topologies, Trade Space, and Applications, Boris Murmann
https://github.com/bmurmann/ADC-survey/blob/main/pdf/ISSCC2022-Short%20Course-Murmann.pdf
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MMJ ADC architectures State of the Art — FoM
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SAR — principles of operation

CLKsample ‘
Y 4, VFs | | 111
Vip > S&H > Vagn — VYDAC

o N 110

SAR " 110
> Logic /[ o7 — 101
Veg/2 4 / 100 100
i / 011

N
/ 010
DAC — — 001
0 000
\V4 |
[Dn-1,DNn—2,--+, D1, Dy Sampling MSB Bit #2 LSB t

Comparison between sampled input voltage + Power and area-efficient architecture — same

and DAC output voltage circuitry used in loop N-times
Comparison result - changes DAC output + Contains: one comparator, two DACs
voltage closer to the input sample (differential) and SAR logic — fits well to
Each consecutive voltage change is half of modern digital CMQOS

the previous one + DAC network usually capacitive - no static
Operation repeated N times for N-bit ADC power, serves also as S/H circuit

- Limited conversion rate ;
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Split 6b/3b DAC
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Architecture of 10-bit ADC
Differential segmented/split DAC with MCS switching scheme — ultra low power
Dynamic comparator — no static power consumption, power pulsing for free
Asynchronous logic — no clock tree — power saving, allows asynchronous sampling

Jakub Moron, Low power, high accuracy ADCs and TDCs

M“JJJ SAR ADC architecture
AGH Y,
o1 —F—h— | Control signals
b 19 ISR TS SENEY.
Bootstrgpped Dynamic start conversion
switches >ol cL L Lo comparator ¢

active

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

Asynchronous -
_ ' Config
dynamic —

logic
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mmm Capacitive DAC design — capacitance selection
NG I Planar capacitor — MIMcap Vertical capacitor - MOM
Electrode Il Width (W)
Length (L)
Electrode | I /
Viax
| W /Viax 7
" D
ViaX “ -
Top Plate )
__ Dielectric Layer (&x) ;D
Bottom Plate
* Available in both technologies * Available only in CMOS 65 nm
* Lower capacitance density * Higher capacitance density
* Well defined matching parameters * Matching given by MC simulations
* Smaller parasitics (especially to bulk) * Large parasitics (especially to bulk)
= * Minimal capacitance * Minimal capacitance of 2.5 fF
= * 26.2 fFin CMOS 130 nm
< * 9.9fFin CMOS 65 nm

Jakub Moron, Low power, high accuracy ADCs and TDCs
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Two subjects have to be considered in terms of capacitive DAC design:

* Thermal noise
* Matching

Thermal noise is given by

kT < 0'2 5= Vref
Ctotal 12 ’ ZN

ForV. =1V, T=293K
« N= 6b, C>0.2fF
« N= 8b, C>3.2fF
« N=10b, C>51fF
e N=12b, C>815 fF
+ N=16b, C>209 pF

Jakub Moron, Low power, high accuracy ADCs and TDCs

2N \?
= Ctotal > 12kT( )

Vre f

Thermal noise is negligible
for medium resolution ADC

10
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Capacitive DAC design — split DAC

AGH P N-bit DAC N=M+L To reduce total
L-bit DAC |C; M-bit DAC Vo capacitance, N-bit DAC can
 _T N "7 ° besplitinto two sub-DACs,
S ST L el A D connected via series unit
GND s st sk, sM sM s capacitor

K, [Y%oum] Matching parameter

 fF
K. f— Capacitance density
pm?

9
C, > 22L M _ 1\K?2K
u Zﬁﬂfimit ( ) orC

C,— minimal unit capacitance ensuring 30pyn; < Orimir (0.5 LSB assumed)

C, cannot be smaller, than the technology limit

agh.edu.pl

D. Zhang, Design of Ultra-Low-Power Analog-to-Digital Converters. Linképing University, 2012.

Jakub Moron, Low power, high accuracy ADCs and TDCs 11
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mmh Capacitive DAC design — matching
AGH . :
65 nm offers ~2.5 smaller minimal capacitance (9.9 fF vs 26.2 fF)
130 nm offers a slightly better matching
* 6-1-3 and 5-1-4, both with minimal 26.2 fF capacitor as C, configurations selected
for 130 nm
* 6-1-3 with minimal 9.9 fF capacitor as C, selected for 65 nm
0.7 7
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; 1 3 |
_8 0 | 1 1 | | | i I I
Q). 20 . 30 40 50 60 70 80 1 20 30 40 50 60 70 80
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DAC 613 MIMcap
130nm / 65nm
C,=26.2/99fF
C,,=1.68/0.64 pF

DAC 514 MIMcap

130nm only
C,=26.2fF
C,,=0.84 pF

DAC 712 MOMcap

65nm only
C,=4.6f1F
Ci, = 0.59 pF

Jakub Moron, Low power, high accuracy ADCs and TDCs

Selected capacitive DAC architectures

. (M=6)-bit DAC Sy (L=3)-bit DAC
Vin D—OI\ | T /1 _L J_
32Cy A~ 16C, Curs
Smsf%' SM4Z SM1 MOJI: 21' Si2 «J: SL1 @/" SLo
Vem D { ' ' 1l 'l
1 o — — L l l
Vref D ¢ - - 1
- (M=5)-bit DAC Sy (L=4)-bit DAC
no- T 1T 171
16Cu /A~ 8Cy 2Cy Cu 8Cy 2C,, Cup
SM4fL' SM3Z’ SM1 SMOJJ: R]: SL3 Si11 84” SLo
{ 'S G 't '
Vem D [ 4 J.E - C si l—i i ‘I‘i
Vref * - - ® * - 1
X (M=7)-bit DAC Sy (L=2)-bit DAC
VinD- I 1T T 71
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l — — - i )\ i
Vref D ® - — ) ® ®
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=
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AGH “Typical” SAR ADC requires bit cycling clock start | Comparator
* For 10b ADC working at 50 MSps, at least
Bit
processing
DAC
voltage set

500 MHz (1 GHz in reality) needed
DAC settling
delay
Additionally, asynchronous logic requires a “start conversion” signal, not a sampling

clock, so ADC can sample input signal asynchronously.

Such bit cycling clock have to be generated (PLL)
and distributed in the ASIC — large power consumption.

Asynchronous, “event-driven” logic does not need bit
cycling clock, so can save a lot of power.

There are two downsides of the asynchronous logic:

* |t have to be designed and simulated manually (no automatic synthesis and
implementation)

* It needs to have a “settling delay” (see next slide) implemented

Jakub Moron, Low power, high accuracy ADCs and TDCs 14
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SAR asynchronous logic — settling delay

[:> Settling error

Valid result

" - |

Group

agh.edu.pl
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DACoyt : Time wasted :
Settling delaz ----------------------------- S S :

> - >

-----------------------------

-

S, | S, g Se

* Making settling time equal for each bit almost impossible
* Constant settling delay for each bit - a lot of time wasted...
e Variable (and configurable) settling delay implemented

Delay for each group set individually via slow control 3-bit register,
with 175 ps/bit resolution in 130nm, ~120 ps/bit in 65nm

15
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SAR ADC layout — 130nm CMOS technology
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Sampling Differential Dynamic DAC reference Asynchronous
switches capacitive DAC comparator voltage switches logic

.

3
#i;
Al

,h

-

MIM 613 (514 is nearly identical) layout in 130 nm
* Designs ready for multichannel ASIC with pitch
160um (80um ADC core + 80um decoupling) core

Digital backend
(DAQ) .

agh.edu.pl
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mmm SAR ADC layouts — 65nm CMOS technology
AGH
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Sampling Differential Dynamic DAC reference Asynchronous
switches capacitive DAC comparator voltage switches  logic

\A ey .
— ey | R (W R A O SRR EET
i

e > B s
MIM (top) and - - :

| MOM (bottom) | e 5
=| layouts in 65 nm S| | : sespas |00
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Samt)lFmg Rate = 40.0 MHz SINAD =
e

Input Freq = 3.916 MHz THD
Hamonics =10 NH|

20

20 ¢

Amplitudel dB]

(Ethernet)

FPGA-based DAQ
(Xilinx Virtex-5)

agh.edu.pl

40 f

60 F

80 Hhib

-100 ®

Frequency [Hz]

ADC data and
measurement control

ADC data
output (SLVS):
parallel or serial

Jakub Moron, Low power, high accuracy ADCs and TDCs

Q g o

)

':J::

TR

THELHEH 1L

oo TTZIN

—

10 sesee
Power supply,
reference
voltages

TRRLLLER LR R

Differential
low pass filter

4—%4— —

Agilent 81160A
differential generator

Input sine
(differential)

Sampling clock

i
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INL [LSB]

DNL [LSB]

Measurements: ADC static metric — 130nm CMOS technology

130 nm MIM 613

!
| I i | i | |
128 256 384 512 640 768 896 1024
Code [LSB]
T T T

| i I | i | |
128 256 384 512 640 768 896 1024
Code [LSB]

-0.22<DNL<0.20
-0.30<INL<0.40
Static ENOB =9.92

Jakub Moron, Low power, high accuracy ADCs and TDCs

INL [LSB]

DNL [LSB]

130 nm MIM 514

| | i | | | |
128 256 384 512 640 768 896 1024
Code [LSB]

1 I28 2I56 3i84 5; 2 6;10 7;38 8‘I96 1024
Code [LSB]
-0.70<DNL<0.44
-0.87 <INL<0.81
Static ENOB =9.37
19
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n
=
-
=
=
n
=
-
Z
)
-1 | | i I | I i
0 128 256 384 512 640 768 896 1024
ADC code [-]

-0.75<DNL<0.40
-0.80<INL<0.82
Static ENOB =9.40

Unexpected large INL step in the middle due to
the overlooked parasitic capacitance
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INL [LSB]

DNL [LSB]

os | R T - N LA

L S _— ]

mmJJJ Measurements: ADC static metrics — 65nm CMOS technology

65 nm MOM 712

0S| L

0 128 256 384 512 640 768 896 1024
ADC code [-]

-0.42 < DNL<0.52
-0.98<INL<0.94
Static ENOB =9.35

Result somehow expected due to the large
parasitics and lack of matching parameters

20
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130 nm MIM 613
AGH
—— SINAD —+— SFDR —=— ENOB
—=— |THD| —=— SNHR
10
9.75
m 9.5
S,
‘©
>
3 9.25
9
L I ...i..l.i....;..l.i...l;....;.;..;....; 875

10 15 20 25 30 35 40 45 50 55 60
Sampling rate [MSps]

Sampling rate < 55 MSps

ENOB > 9.65 up to 50 MSps
ENOB = 9.5 at 55 MSps

Jakub Moron, Low power, high accuracy ADCs and TDCs
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ENOB [-]

Level [dB]

78

72

66

60

54

mmJJJ Measurements: ADC dynamic metrics — 130nm CMOS technology

130 nm MIM 514

—+— SINAD —~— SFDR —«— ENOB
—»— |THD] = SNHR

i : : 10
T A O 5 75

10 15 20 25 30 35 40 45 50 55 60
Sampling rate [MSps]

Sampling rate < 50 MSps

ENOB > 9.2 up to 45 MSps
ENOB = 9.0 at 50 MSps

ENOB [-]

21
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m JJJ 65 nm MIM 613
AGH
81 | r 10
SINAD ——
ITHD| —— |
75 | gﬁaﬁ — o 1975
f | : = : ENOB —e—
69 1 95
) =
5 63T 1925 8
> >
- L
57 T 9
51 | 1 8.75
45 ‘ ‘ ' ' ' ' 8.5
10 20 30 40 50 60 70 80 100

Sampling rate [MSps]

Sampling rate < 90 MSps

ENOB > 9.3 up to 60 MSps
ENOB = 8.9 at 90 MSps
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Level [dB]

o7

81

45

Measurements: ADC dynamic metrics — 65nm CMOS technology

65 nm MOM 712

10

SINAD: ——
SFDR —e—
ENOB —e—

|THD| —— 1
SNHR —e— |

9.75

1 9.5

1 9.25

41 8.75

8.5

10 20 30 40 50 60 70 80 90
Sampling rate [MSps]

Sampling rate < 70 MSps

ENOB > 9.3 up to 60 MSps
ENOB = 8.7 at 70 MSps

100

ENOB [-]

22



Level [dB]
[#2]
[¢)]
1]

o
)
T

10 15 20 25 30 35 40
Sampling frequency [MHz]

Sampling rate < 55 MSps

ENOB > 9.5 up to 40 MSps
ENOB = 9.2 at 55 MSps
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Level [dB]

9.5

9.25

72

66

ENOB [-]

Measurements at Nyquist are challenging...

r.gﬁai‘\‘:“
‘ ~—+— SINAD —%— |[THD| —*  SFDR = SNHR —e— ENOB

R H— __________________ __________________ ___________________ _________________ 1 30 nm |V|||V| 613

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

30 35 40
Sampling frequency [MHZz]

60

10

9.75

9.5

9.25

8.75

ENOB [-]

23


http://www.agh.edu.pl/

m Measurements: ADC power consumption — 130nm CMOS technology
m m ——— Digital, 613 ——— Digital, 514 ------ Total, 613
AGH —+—— Analogue, 613 —+—— Analogue, 514 —e— Total, 514
—— Reference, 613 —— Reference, 514 613
S
2
o
Sampling rate [MSps]
o (digital + analogue + reference )
k5 130nm power consumption at 40 MSps: * 613: 680 uW (440 + 160 + 80 ) UW
o e 514: 635 uW (425 + 160 +50 ) LW

Jakub Moron, Low power, high accuracy ADCs and TDCs 24
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1400
1200

130nm 613
 130nm 514

mmlﬂ Measurements: ADC power consumption — 65nm and 130nm comparison

agh.edu.pl

65nm MIM ——
1000 + esnmMOM — - -
S w A o
G =
g o0 S R
0 o0 | | | | | ;
400 | @ @ ; ; ; -
200 g o |
0 ; l ; a ; ; ; ;

10 20 30 40 50 60 70 80 90 100
Sample rate [MSps]

Power consumption at 40 MSps: * 130nm 613: 680 pW
* 130nm 514: 635 puW

* 65nm MIM : 550 puW
* 65nm MOM: 600 uW

Jakub Moron, Low power, high accuracy ADCs and TDCs 25
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mmJJJ Measurements: ADC FoM — 130nm CMOS technology
iy 130 nm MIM 613 130 nm MIM 514
—+— FOMIf —<— FOM —+— FOM I[f
: Y S
Y B P I U B U S B U S B
10 15 20 25 30 35 40 45 50 55 60
Sampling rate [MSps] Sampling rate [MSps]
FoM,; < 21 fJ/conv up to 50 MSps FoM|, < 27 fl/conv up to 45 MSps
k) FoM <24 fJ/conv up to 50 MSps
E One of the best results so far among State of the Art
=) ADCs in similar technology

Jakub Moron, Low power, high accuracy ADCs and TDCs 26
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m Measurements: ADC FoM — — 65nm and 130nm comparison
m JJJ 130nm 613 FoOM —=— 130nm 514 FoM; —— 65nm MOM FoM; ——
AGH 130nm 613 FOMy; ——=—  65nm MIM FoM;; ——
40 ;' 1 ; ; ! '
spo S -
= | | | | |
2
2 o0 D A 2 -
3
R S
s 27 L ]
O =
-
20 | l
15 i .
10 20 30 40 50 60 70 80 90 100

Sample rate [MSps]
* 65nm — FoM| < 23 for sampling rates <60 MSps (MOM) and <80 MSps (MIM)

For lower sampling rates, FOM increases due to decoupling leakage current
* 130nm achieves similar FOM (even at Nygist) — larger power but better ENOB

agh.edu.pl
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80

71
68
65
62

56
53
50
47
44
41
38
35
32
29
26
23
20
17
14
11

Level [dB]
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77 =5
74 =

59 |

Prerad

552.15 krad/h

Annealing

7965 krad/h

Annealing

7.965 Mrad/h

Ann.  7.965 Mrad/h

e oo 130 nmMIM 513 fffffffffffffffffffffffff {F |
- e — 12——|—nch wafer ————————————————— e e S o o f o
- R S D S e T e [ ey
-] 1t o LB AR | R
| _.: .................. ..................... .................... L ........ _""""'m_ I _"':
- R | e | At | | e
O e 1 s SNHR 1 i o r T
- e T [THD| e R R e T e I
| i | SFDR i i | I I | i

0

200k 400k
Dose [Rad]

600k 30 60 90 120 O

Time [m]

Jakub Moron, Low power, high accuracy ADCs and TDCs

Dose [Rad]

60 120
Time [m]

180 510 M520 M530 MO €0

Dose [Rad]

Time [m] Dose [Rad]

ENOB

Resolution drops after few hundred krad but recovers in few hours and stays good up to 500 Mrad

Radiation hardness of ADC in 130nm CMOS technology

28
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mmlﬂ TDC design — general idea

General idea: take advantage of the excellent ADC we have (130nm 613) and build

Aer analogue interpolation TDC around it.
 Time-to-Analog Converter (TAC) — converts time into voltage (proportional to time)
* ADC converts TAC output voltage to binary number
Vout — 5 (tst.-:rp — tstm“t)
Lstart tsiop

TAC operation: I va Vo
1. Reset sampling capacitor to o

constant, known voltage S: S - Dout[N-1:0]
2. Charge it with constant

current between “Start”
and “Stop” signals

agh.edu.pl
—
I—o

Jakub Moron, Low power, high accuracy ADCs and TDCs 30


http://www.agh.edu.pl/

Since ADC comprises capacitive DAC, an additional sampling capacitor in TAC is not really
needed, and constant current can directly charge capacitive DAC in the ADC
* Phase Frequency Detector (PFD) — converts time difference between rising edge on InU

AGH

and InD inputs into current source control signals U, D
* Charge Pump (CP) — charges (U) or discharges (D) capacitive DAC in the ADC.
Charging current is determined by the bias voltage ViCP
TAC_ENA ViCP
oﬁ o_—
5 1
| |
! CP I
kSN
| .
InU | U - D VinE_. i :.—L o Dout[9:0]
| pFD P | Z »
InD | 2 L lfmn ! \ o
: D b b i \ T
|
| | Vemn
a ! I 10-bit SAR ADC
3 | veMm ||
E tac_____ L — 1. busy ADC

Jakub Moron, Low power, high accuracy ADCs and TDCs 31
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ul JJJ TAC layout Time resolution in function of ViCP

AGH

\ 4

P
«

e

bias voltage DAC (7-bit) setting
200

150 -

100 -

AT [ps]

== E :- i i :ﬁ"i *%7

0 25 50 75 100 125

VICP DAC [LSB]

St Al | SRS B8 i el AR

e N S AR ER——TFH
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e e m
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3 \ \ \ AT (resolu{ion) =1

Post-layout, 100ps resolution:
INL within £3 LSB in range of
+ 53ns (£ 480 LSB)

TDC was optimized for 10ps resolution, so

100ps performance is much worse

Jakub Moron, Low power, high accuracy ADCs and TDCs

TDC simulations — linearity

Post-layout, 10ps resolution:
INL within £0.5 LSB in range:
e -4.29ns (-365 LSB)

e +4.42ns (+375 LSB)

AT (resolution) = 1OCLps |

s

AT Iy

INL [LSB]

/\ %“‘\/\/\/\Aﬁ\“'

RN

=20 0 20 40
Td [ns] 33
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Linear range dispersion for

100 MC simulations

mm u=4.28,0=0.36
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1€

3.5 4.0 4.5 5.0
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Time resolution dispersion
al for 100 MC simulations
B u=11.90,0=0.65
20 20
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. W
- e
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v o
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0 0 -
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3 AT (resolution) = 10ps
P
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* Two ADC prototypes in 130nm CMOS technology designed and tested:
* 613 split DAC:
* Excellent resolution (ENOB; > 9.65, ENOB, , = 9.5 up to 50 MSps)

680 uW at 40 MSps with excellent FOM;; = 21 and FoM = 24 f]/conv.
One of the best State of the Art ADC till now
Multichannel ready — in fact already used in:

 HGCROC (see D. Thienpont talk, Thursday 9:30)

 FLAME and FLAXE (see M. Idzik talk, Thursday 10:30)
Radiation hardness (with annealing) up to 500 Mrad

* 514 split DAC:
* Slightly lower power consumption, but also lower resolution than 613

agh.edu.pl
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AGH  Two ADC prototypes in 65nm CMOQOS technology designed and tested:
e MIM-based, 613 split DAC:

 Good resolution (ENOBIf = 9.3 up to 60 MSps, ENOBIf = 8.9 at 90 MSps)
 Power consumption around 80% of 130nm technology

* Modified version (not shown here) used in [pGBT in monitoring circuitry

* MOM-based, 712 split DAC:
* Smaller than MIM-based (70% area), similar resolution but slower

 ADC-based TDC designed, simulated and fabricated.

Post-layout simulation results shows resolution < 12ps in range up to 4ns with good
linearity

Due to unexpected delays in test setup preparation measurement results not ready yet

Thank you for the attention

Jakub Moron, Low power, high accuracy ADCs and TDCs
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Normalized amplitude [dB]
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ADC dynamic metrics: DFT of the samples of the pure sine input signal
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mmm ADC architectures State of the Art — resolution vs speed
| |
AGH B Flash
1 SAR
16b B Delta-Sigma
[ NS-SAR
[] Pipe
13b
S
= 10b EL\ _
L
3b Shibata
ISSCC 2017
6b
.I
] Em
3b 4 5 6 7 8 9 - | 10 11
10 10 10 10 10 10 10 10
= Conversion Rate (Samples/sec)
E
< Introduction to ADCs/DACs: Metrics, Topologies, Trade Space, and Applications, Boris Murmann
% https://github.com/bmurmann/ADC-survey/blob/main/pdf/ISSCC2022-Short%20Course-Murmann.pdf
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SAR ADC — bootstrapped switch
Vsu 1
AG H bpLy Idea Usnp;}l}'
54 Ly O
Vsupply S Vsupply /
S, ./{"I\ o 5 S, ( P o S5
}rI: S) i ¢ ¢, S t (
b 2 b 2
s 3L : 3
v, D . i DAC v, D Ml—|-|:> DAC
a) Preset phase b) Sampling phase
_ Vsupply
To minimize distortions during sampling, MS'—:-“— Implementation
a bootstrap switches implemented. e " i1
9 [ M,
. CLK D—¢ M, :Il—cﬁ
General idea: keep V,, equal to power e L owdl
supply voltage, regardless the V, (input) T | \E
M,
S voltage. e ol
e
U - Vi, M DAC
i o
(@)}
)

M. Dessouky and A. Kaiser, “Input switch configuration for rail-to-rail operation of
switched opamp circuits,” Electronics Letters, vol. 35, no. 1, pp. 810, 1999
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Dynamic comparator

 Comparison performed on rising
edge of “active” signal

 Reset (“active” low level) needed
before next comparison

Pros and cons:

+ No direct path current

+ Low power consumption

- Dead time needed for reset

- Response time depends on input
voltage difference

agh.edu.pl
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Resu
latch

VDD VDD VDD
It
14 M15 M19
M10 M8 M9 M11
M16 M17
[ ——
Out- Out+
M6 |— M7
D". SW' sw Di+'
M12 M13
Di- Di+
active J
O—e

Input pair

Clocked switches

H.J. Jeon, Y-B. Kim, M. Choi “Offset voltage analysis of dynamic latched comparator?,
IEEE 54th Int. Midwest Symp. On Circuits and Systems, 2011
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Energy saving
M .

0
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384

512
ADC code [-]

640

896

1024

Conventional — 100%
Energy saving — 44%
Switchback (SBA) — 18%
Monotonic — 18%
Improved SBA —13%
Merge Capacitor
Switching (MCS) - 7%
(...)

Tri-level switching — 3.1%
Vcm-based — 2.3%

i

With CMOS technology scaling digital power consumption is decreasing rapidly, so
minimizing analog power (DAC, comparator) is of main interest.

Huge progress has been obtained in the last ~10 years in optimizing capacitive DAC
configurations and their switching schemes

e CONVENtional
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First comparison done before any
switching — (N-1) capacitors needed
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130nrm 613 —<— 130nm 514 —— 65nm MIM —=— 65nm MOM —e—
AGH 10 !

mm]JJ Measurements: ADC dynamic metrics — 65nm and 130nm comparison

s e e |

ENOB [-]

10 20 30 40 50 60 70 80 90 100
Sample rate [MSps]

e 130nm 613 — excellent performance up to 55 MSps
e 130nm 514 and 65nm — similar, with 65nm being faster (MIM version up to 90 MSps)
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ADC conversion

SAR ADC - sampling clock jitter

/

CL Ksample

Y

‘/z'n. > SLCH >

+

agh.edu.pl

Jakub Moron, Low power, high accuracy ADCs and TDCs

SAR
Logic

PN

\Y%

[DN—lpDN—zv'” 3D1=D0]

Sampling Sampling Fa”|ng edge J|tter

SHNR [dBl

6

83

Fin [Hz]

« To achieve 10b resolution (SNR = 61.96 dB), jitter of the end of the sampling
phase, for 20 MHz input frequency, have to be lower than few ps.
 If the sampling clock provided to the ADC (in reference to the input sine wave) has
already higher jitter, it will artificially degrade ADC performance...

ENOB
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MIM Regular —e—  MIM Low power —=— 130nm ADC ——
MOM Regular ——+«— MOM Low power ——e—

mmlﬂ SAR ADC — 65nm “low power” control logic

AGH

10
9.8 | |

9.6 |

ENOB [-]
(o]
N

8.8

8.6

|

10 20 30 40 50 60 70 80 90 100
Sample rate [MSps]

We have also made “low power” version of control logic in 65nm, but the performance
is not the best — ENOB similar to the “regular” version, but sampling rate limit as in 130nm

agh.edu.pl
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INL [LSB]

0 128 256 384 3512 640 768 89 1024
Code [LSB]

DNL [LSB]
o

DNL [LSB]

0 128 256 384 512 640 768 896 1024
Code [LSB]

* DAC 613 - maximal delay
*-0.32 < DNL < 0.20

*-0.40 < INL < 0.54

 Static ENOB = 9.92

« Max sampling rate ~ 30 MSps
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INL [LSB]

I

1.5
1t
0.5 ¢
0
0.5 }
-1

0 128 256 384 512 640 768 896 1024
Code [LSB]

0 128 256 384 512 640 768 896 1024
Code [LSB]

* DAC 613 - shorter delay
*-0.96 (-0.35) < DNL < (0.20) 1.15
*-0.70 (-0.40) < INL < (0.55) 1.15
 Static ENOB = 9.9

* Max sampling rate = 40 MSps
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Delay [-]

1. Measure static metrics, scanning delay for each group (4 groups x 8 settings = 32 meas.)
2. Get minimal and maximal value of the DNL and calculate static ENOB
3. Choose smallest delay providing similar performance to the longest one

agh.edu.pl
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“ Radiation hardness of ADC in 130nm CMOS technology
lu ]J Prerad 110.552 krad/h 1.36 Mrad/h200 krad/h 200 krad/h 8 Mrad/h Annealing Annealing 8 Mrad/h Annealing
AGH 80 '..f:._‘_ r — T . — T - Pk o o
v ;':.-:‘j‘.._ .‘ L
74 P P
71 b
68 |-
65 _ :
62 - F
59 fremn , T
56 | o
53 |
50 |-
47 |
ER i 2
8 38 i e —
32 i
29 |-
26 |+
23 i
20 |-
17 i ,
I e S
L 0
0.0 01 02 03 04 05 10 180888550100 50 100 150 200 250 300 0 5 10 15 20 48 96 144192240288 350 400 450 500 48 96 144 192 240 288

Dose [MRad] Dose [MRad] Dose [MRad] B Time [h] Time [h] Dose [MRad] Time [h]

No effect up to 200 Mrad. Resolution degradation above (high dose intensity), recovered after

annealing even above 500 Mrad
Jakub Moron, Low power, high accuracy ADCs and TDCs 30
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