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Demands for readout electronics in high energ
physics experiments are constantly rising:
A Higher luminosityc more eventsc more data |-
A Calorimetryc needsamplitudemeasurement
and digitization:
A ADC (FE pulse maximum)
A TDC (FE pulse time over threshold)

A Increasing complexity of event reconstruction starts to require:
A Amplitude measurements in trackems.§.Upstream Tracker ihHCB
A 4-D detectors (pixel detector with precise timing measurement)n scope of this talk

A Putting an ADC in each readout chartfiagly notpossible in the past:
A Large power consumption (much higher than analogue FE)

A Large die area
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Various features/parameters are important in ADC design/applications: effective
resolution (ENOB), power, sampling frequency, area, etc... and can be used to
ONBI 0S (GKS aCATIdzNBE hFT aSNARGE o0Chald FT2NJI

P

A WaldenFoM[Walden, 1999] FoM,, = F - 2ENGB

BW
A SchreiefFoM(DR) [Schreier, 2005] FoMspr = DR + 10log (T)

2
A SchreiefFoM (SNDR) [Ali, 2010] FoMgs = SNDR + 10log (fs}{ )

FoM,, Is often given as:
A FoM,, measured at input sine with almost Nyquist frequency
A FoM,ff, measured at lower input frequency

Introduction to ADCs/DACs: Metrics, Topologies, Trade Space, and Applicatidviariars
https://github.com/bmurmann/AD&urvey/blob/main/pdf/ISSCC203a0rt%20Courddurmann.pdf
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MMJ ADC architectures State of the ArEoM
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and DAC output voltage

voltage closer to the input sample

A Each consecutive voltage change is half of
the previous one

A Operation repeated N times for-bit ADC
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LllmJJJ SAR; principles of operation

CLKsampEe ‘
Vip > S&H > Vagn — VYDAC

o N 110

SAR < 110
> Logic //‘\ 101 —7 101
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

A Comparison between sampled input voltage + Power and are&fficient architectureg same

circuitry used in loop Mimes

Al 2YLI NA&az2y Nbadz U T ORohtgis: S@e canparator tdziDAGE]

(differential) and SAR logidits well to
modern digital CMOS

+ DAC network usually capacitivao static
power, serves also as S/H circuit

Limited conversion rate .
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Bootstrapped
switches

SAR ADC architecture
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Split 6b/3b DAC

.—___.Hl_.____

Control signals

Dynamic

comparator

\BJZC;: Ca= 5 mR4C =R C
Voor f“i ‘i?i <E?i {93
ref 1 1 1
chD 1 @ @ o —I—

Architecture of 10-bit ADC
Differential segmented/split DAC with MCS switching scheme 1 ultra low power
Dynamic comparator i no static power consumption, power pulsing for free
Asynchronous logic T no clock tree T power saving, allows asynchronous sampling

Jakub Moron, Low power, high accuracy ADCs and TDCs
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Planar capacitog MIMcap

Electrode Il

o

i

Electrode | )
Viax

~ “/w liuuj ViaX

Top Plate ‘,
Dielectric Layer (&) s;D'

Bottom Plate

A Available in both technologies
A Lower capacitance density
A Well defined matching parameters
A Smallemparasiticyespecially to bulk)
A Minimal capacitance

A 26.2fFin CMOS 130 nm

A 9.9fFin CMOS 65 nm
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mm]ﬂ Capacitive DAC desigrtapacitance selection

Vertical capacitog MOM

Width (W)

A Available only in CMOS 65 nm

A Higher capacitance density

A Matching given by MC simulations
A Largeparasiticgespecially to bulk)
A Minimal capacitance of 2
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A Thermal noise
A Matching

Thermal noise is given by

QY | - W
(‘5 pc 7 C
ForV,=1V, T=293K
A N= 6b, C>O0fE
A N= 8b, C>3fE
A N=10b, C>5F
A N=12b, C>81b

A N =16b, C> 209 pF
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Two subjectdhave tobe considered in terms of capacitive DAC design:

(14 ’!v !IC
—Y—
+ 0 P G Eéw )

Thermal noise is negligible

for medium resolution ADC

i
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C, ¢ minimal unit capacitance ensuring, ,

C, cannot be smaller, than the technology limit

D. Zhang, Design of UktawPower Analogo-Digital Converters. Linkdping University, 2012.
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AGH N-bit DAC -
| o S~ | N=M+L
L-bit DAC ¥ M-bit DAC .

[ 1IN L
TN TN TN\ TN TN TN TN

Cy Cy 2C, 2L-1¢, Cy 2C, oM-1cy,
GND So ST St1 So Sy Sm1

0 > ¢ pu U
L U

Vg, O |——
o

i

To reduce total
capacitance, Mit DAC can
be split into two sukDACS,
connected via series unit
capacitor

P & Matching parameter

Q, (T Capacitance density

(0.5 LSB assumed)
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3a DNL
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65 nm offers ~2.5 smaller minimal capacitance (B 26.2F)

130 nm offers a slightly better matching

A 6-1-3 and 51-4, both with minimal 26.2F capacitor as Cconfigurations selected

for 130 nm

A 6-1-3 with minimal 9.9F capacitor as (selected for 65 nm

1130 nm

Cu [fF]
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lm Selected capacitive DAC architectures
e Yy (iﬂfGl-tlit DAC S? _L (L= j)_blt DAC
Vin D=

A DAC 613 MIMcap 320, == 16C, Cu

130nm / 65nm Z l l g:
Cu —56.2/9.9 fF Ve Smsf%’i Sm4 I_ :S;'la%;i Smo Ii IiSLZ 1|>iSL1 f"SLo
C,, = 1.68/0.64 pF Yref B —-- 1
*— (M=5)-bit DAC Sy _ (L=4)-bit DAC
Vin D= %

A DAC 514 MIMcap 16Cu /A~ 8Cy r ZCU_L CUJ_ 8Cu_[ 2C,, Cup
130nm only l l 2: J
C,=26.2fF SM4f€§'T Sws 77 SmLTT SmoTT SR SLo
C,, = 0.84 pF o] === = S —I-i__

(M=7)-bit DAC S¥ (L=2)-bit DAC
A DAC 712 MOMcap o=t T 1T 17 1
& 65nm only 64Cy /= 32Cy 2C, Cy 2, Cura
é Cu =4.6 fF SMGfL’ Smsl SMll SMOvl RISLl XL’SLO
'C- —_— cm Y i ? i— — ? i ? i ? i
S C,, = 0.59 pF s H—--3 o = 1
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6-1C-3

5-1C-4

7-1C-2
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SAR asynchronous logic

G¢ceLIAOrEe {'w !5/ NBIdA NBE 4. Of Ay 3
A For 10b ADC working at BISps at least

DAC settling processing
Such bit cycling clodlave tobe generated (PLL)
and distributed in the ASI{large power consumption.

500 MHz (1 GHz in reality) needed
o . , A . A ) ° g R \ voltage set
| 38 Y OKNRY RMADSFSOSPEHAAO R2Sa Y20 fSE

cycling clock, so can save a lot of power.

| RRAGAZ2Y I ffeées | aeyOKNRyYy2dza f 23A0 NI dzA NJ
clock, so ADC can sample input signal asynchronously.

There are two downsides of the asynchronous logic:

A It have tobe designed and simulated manually (no automatic synthesis and
Implementation)

ALG ySSRa G2 KIgS | aaStdaGdtAy3a RStlFeég 6a
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SAR asynchronous logisettling delay

[:> Settling error

Valid result

" - |

A Making settling time
Al 2yail yi

A Variable (and configurable) settling delay implemented

HﬂﬂllllIﬂﬂllﬂllIEIII“II“IIIIIIII

Group
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DAC,yr : Time wasted """"""""""""""" é
Settllng delaz ---------------------------- r% -------------------------- :

Sz - Sl - SO
equal for each bit almost impossible
aStagtAy3a RSttre FT2NJSIOK oAl Tb

D87 D65 D41

Delay for each group set individually via slow contrblt3eqister,
with 175pg/bit resolution in 130nm, ~120<bit in 65nm

15
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m SAR ADC layogtl30nm CMOS technology
600>m

e
[

v o v e e | s e | s e v o e e W e o | e s e e v e v o | e e e e | e v
o | s v | o | v v e | e v
St | fete s s Shl | Bt vttt | S Sl | o S | vt W | S ol | GO d | S S [ S Sl | v W | Sk v | S | e de | e Seded

S s | A A | A S | A | s A
SEREE SRR | SRR ERRR| | X EERES | BXERl Eee | | EEEES SRy

S i 7 ) P
S a2 [ | S|
CE]VE] B0 EO
2290 i 2 R O 1 |
S S Y | S|
il s s 16 |
EJIER H [
EEA A [LF
EER FH [
2290 0 O 1 2|
S0 i S L LS|
S i 1 |
EXEH H ]
EEDN B A

Ut

I

80>m

= = = : e v
LR R LU SRR 1y UL LR SUEL R U UM UL RN U R LRI BILH
e e 1 : e ] B g el Fo ] g : ] B g Ei] ] peignid) P
it e bt | Rt B T s | ey s e ] A e

i) psnginant Bis g T || e R | sinaaai] s gitand) Biiiagandi] Bisogian it siiian] faadiguisad Baiigaiid Raadgaii] it Bt

it
[y
S

i
i

]
ity

i
i
s |

754 i 54 Pl 1 34

EHEH [EH =]
[FE]E] B
% % P
i [ 5 ] s ] s
D EDCET
A 8 ] LS ]
i s |
[FlE]F] B
i ]
a7 ) S ) S | S
I ED B EX
EREH LB ]

Samplin Differentia Dynamic DAC reference  Asynchronous
switches capacitive DAC comparator  voltage switches logic

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

Digital backend
(DAQ) "
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mmm ADC measurement setup

Samt)hng Rate = 40,0 MHz SINAD = 57.0 dB
Input Freq = 3.916 MHz THD =-69.6 dB
Hamonics =10 SNHR = 57.3 dB
AG H SFOR = 746 dB
20
0}
- | | Do DT
o 20 s g~ _——
: X
5 40 F 1 -
ﬁ ’“ .- - = A L .. X
E ol 4 Jz 00 seeee

Power supply,

ADC data and reference
measurement control voltages
(Ethernet) y

FUTRTT T
N

0 & DIGILENT

Q g o
R rnm

i}i—xuwx i

i ADC data : /

i output (SLVS): le'ferent]al
parallel or serial low pass filter

FPGA-based DAQ

4—%4— —

Agilent 81160A
differential generator

Input sine
(differential)

Sampling clock

agh.edu.pl

(Xilinx Virtex-5)

Jakub Moron, Low power, high accuracy ADCs and TDCs
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130 nm MIM 613

AGH 1
05 F
o
w
= 0
-
Z
_05 ...............................................................................................................................................................................
-1 ] I i | | I |
0 128 256 384 512 640 768 896 1024
Code [LSB]
0.5
o
w
=
|
% B 5 O 00 00000 000 SO SO
-1 | i i | i I |
0 128 256 384 512 640 768 896 1024
Code [LSB]

-0.22 <DNL< 0.20
-0.30 <INL< 0.40
StaticENOB= 9.92
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INL [LSB]

DNL [LSB]

mmlﬂ Measurements: ADC static metgd 30nm CMOS technology

130 nm MIM 514

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

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

-0.70 <DNL< 0.44
-0.87 <INL< 0.81
StaticENOB= 9.37

19



mmm Measurements: ADC static metric65nm CMOS technology
65 nm MOM 712
AGH 1 . 1 . ;
= = 05l o e el
= = osf | rrrrrrrrrrrrrrrrrrrrrrrr LT | S ——————
oS
- 5 05 S o rrrrrrrrrrrrr -
Yo 12 2% 3w stz o0 7es o9 102 o 12 26 84 512 640 768 696 104
ADC code [] ADC code []
-0.75 <DNL< 0.40 -0.42 <DNL< 0.52
-0.80 <INL< 0.82 -0.98 <INL< 0.94
- StaticENOB= 9.40 StaticENOB= 9.35
E Unexpected large INL step in the middle due to Result somehow expected due to the large
= the overlooked parasitic capacitance parasiticsand lack of matching parameters
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mmm Measurements: ADC dynamic metrec$30nm CMOS technology
bl 130 nm MIM 613 130 nm MIM 514
—+— SINAD —=— SFDR —=— ENOB —+— SINAD —=— SFDR —=— ENOB
—>— |THD| —=— SNHR —— |THD| = SNHR
10 10
78
9.75 9.75
72
g 9.5 o g 9.5 i
T S 5 66 3
g 925 @ ol J e @
oo TN
9 = ST SN S | I
| 5 : | : | : : | 54 ‘ """"" """"" """"" """"" """"" """" 7
TN PO T PO FUUTE PUTUE PURTRTRRUTAL 19 P R TN PO TN PUUTRTUUTE DU PUUTRL 5\ RATPUU 7
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
Sampling rate [MSps] Sampling rate [MSps]
B {FYLX Ay5aAMI3 0S XK { I YLX Ay5BMIp3 0S X
9 ENOB> 9.65 up to 50MSps ENOB> 9.2 up to 43Sps
3 ENOEF dpMSpsii p p ENOEF pdMSpsi  p n
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65 nm MIM 613
AGH
81 | 10
SINAD ——
ITHD| —*— -
75 | SEBE — o 1975
| = : ENOB —e—
69 1 195
)
E L
< 637} 1 9.25
>
[¢b}
-
57 T 9
51 1 8.75
45 ‘ ' ' ' ' 8.5
10 20 30 40 50 60 70 80 90 100

Sampling rate [MSps]

{F YLX AyoHMIN3 0S XK

ENOB> 9.3 up to 6MSps
ENOBF vy ®ddMSpsii
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ENOB [-]

Level [dB]

81

75
69’
63 |
57

81

45

mmm Measurements: ADC dynamic metrec65nm CMOS technology

65 nm MOM 712

SINAD —+——
SFDR —ae—
ENOB —e—

i

|THD| —— 1
SNHR —e— |

10 20 30 40 60 60 70 éO 90 100

Sampling rate [MSps]

{ | YLIX Ay7BMIpd (0 S

ENOB> 9.3 up to 6MSps
ENOEF vy ®TMSpsii T n

10

9.75

1 9.5

1 9.25

1 8.75

8.5

N

ENOB [-]
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P | 5 | | | TR .5 e : “\‘:“
10 15 20 25 30 35
Sampllngfrequency[MHz] ‘ —+— SINAD —x— |THD| —x— SFDR —=— SNHR —e— ENOB

. ___________________ __________________ __________________ ___________________ _________________ 1_ 39 nm |\/| | |\/|----6—1—3----

10

1 . : I : : ] 9-75
70— R _

4 95

Level [dB]
ENOB [-]

IS S WS WS S W S S SN S [P

{ YL} Ay5aMSpd 0 S X

ENOB> 9.5 up to 40MSps b
ENOB: Cb CD HMSbSU p p 10 1I5 2IO 2|5 3IO 3I5 4;0 415 5I0 5'5 808'75
Sampling frequency [MHZz]
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Measurements: ADC power consumptioh30nm CMOS technology

——— Digital, 613 ——— Digital, 514

----e--- Total, 613
—e— Total, 514

—+—— Analogue, 613 —— Analogue, 514

Power consumption [uW]

—— Reference, 613 —*— Reference, 514 613
Sampling rate [MSps]
(digital+ analoguet reference)
130nm power consumption at 44Sps A 613: 680>W (440 +160 +80 ) >W

agh.edu.pl

A 514: 635>W (425 +160 +50 ) SW
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mmm Measurements: ADC power consumptiogf5nm and 130nm comparison

1400 | | | T T T

AGH 130nm 613 ——=— 1
- 130nm 514 —— S S S e Y i

1200 65nm MIM —=— j
1000 + 65nm MOM IR S SR — it S S i
E w e o

G =
s %0 S T e R
P ‘
200 @ I -

0 | | | | | | | |

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

Power consumption at 401Sps A 130nm 613:680>W A 65nm MIM :550>W
A 130nm 514:635>W A 65nm MOM: 600>W
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FOM [fJ/conv]

Measurements: ADEoM¢ 130nm CMOS technology

130 nm MIM 613

—+— FOMIf —<— FOM

24

FOM [fJ/conv]

22

20
10 15 20 256 30 35 40 45 50 55 60

Sampling rate [MSps]

FoM: 21 fJconv up to SOMSps
FoM A4 fJconv up to 50MSps

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

130 nm MIM 514

—+— FOM If

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

FoM: H7 fJconv up to 45MSps

26
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m Measurements: ADEoM¢ ¢ 65nm and 130nm comparison
m JJJ 130nm 613 FoOM —=— 130nm 514 FoM; —— 65nm MOM FoM; ——
AGH 130nm 613 FoM;; ——~«—  65nm MIM FoM;; ——
40 . \ . .
e e I T e -
= | | | | |
%
2 A B2 -
3
=, s
® S
*
15 . .
10 20 30 40 50 60 70 80 90 100

Sample rate [MSps]
A 65nm¢ FoM, X3 for sampling rates <6MSps(MOM) and <8MSps(MIM)

For lower sampling rate§OM; increases due to decoupling leakage current
A 130nm achieves simil&oM (even atNydqis) ¢ larger power but better ENOB

agh.edu.pl
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AGH %0

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 |

552.15 krad/h

Radiation hardness of ADC in 130nm CMOS technology

Annealing

7965 krad/h

Annealing

7.965 Mrad/h

~-I
"
-
I

1.9 A
A
. .
At
o Lo R _
-t
L S S S -
Y

. : my
| law ¢

______ 130”"”'\/“'\/'613 R I
- 12 inchwafer Jh 1] N ——
. S N— o ey
1L EIEEE 3]
_.: .................. ..................... .................... L ........ ] _"'""'m_
[T T _ - E _ """""" ]
_'_' """"" : S SNHR ar : ar e 7
T . [THD)| 4 . .
| i | SFDR i i | I I |

Ann.

7.965 Mrad/h

o -
- ‘ Y

200k 400k
Dose [Rad]

600k 30 60 90 120 O

Time [m]
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Dose [Rad]

60 120
Time [m]

180 510 M520 M530 MO
Dose [Rad]

60

Time [m] Dose [Rad]

ENOB

Resolutiordropsafter few hundredkrad but recovers in fewhoursand stays good up to 50drad
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LllmJJJ TDC desigg general idea

General idea: take advantage of the excellent ADC we have (130nm 613) and build
analogue interpolation TDC around it.

A Timeto-Analog Converter (TAConverts time into voltage (proportional to time)
A ADC converts TAC output voltage to binary number

AGH

Vout — 6 (tst.-:rp — tstm“t)

constant, known voltage
2. Charge it with constant

OdzZNNByYy d 0SS0 9

FYR a{ 02L¥ &

TAC operation: Lo
1. Reset sampling capacitor to: I
| Dout[N-1:0]

agh.edu.pl
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M

Since ADC comprises capacitive DAC, an additional sampling capacitor in TAC Is not re
needed, and constant current can directly charge capacitive DAC in the ADC
A Phase Frequency Detector (PERpnverts time difference between rising edge lok)

10-bit SAR ADC

andInDinputs into current source control signals U, D
A Charge Pump (CPXharges (U) or discharges (D) capacitive DAC in the ADC.
Charging current is determined by the bias voltseP
TAC_ENA VicP
I B i
! CcP i
i U D ‘SI) | Vem
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* mm]jj TDC simulations linearity

AGH \ \ \7 NT (resolution) = 10ps Postlayout, 10ps resolution:
\ \ | INL withinND.5 LSB in range:

! | A -4.29ns {365 LSB)
3 ) Wﬁ\vﬁ/‘\\ WA\? I V\ A +4.42nnss (+375 LSB)

|

? 2 NT (resolution) = 100ps
Postlayout, 100ps resolution: ML /\ M

INL withinN3 LSB in range of
2 Sy
S

INL [LSB]

o
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—.________...--"'
—

O
——
n—
<<
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N53ns 480 LSB)

. : - w “ ‘
a TDC was optimized for 10ps resolution, so \A VVV I \ \
5 100ps performance is much worse 47— Schematic
= —— Post-layout \ \
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LMMJ TDC simulations Monte Carlo
Time resolution dispersion Linear range dispersion for
AGH  for 100 MC simulations 100 MC simulations
B 4y =11.90,0=0.65 mm u=4280=0.36
20 20
15 15
hd hd
S 10 S 10
o o
o @
5 H 5 5 -
AUCINRIE
0 0 -
10 11 12 13 14 3.5 4.0 4.5 5.0
5 AT [ps/LSB] Td [ns]
3 NnT (resolution) = 10ps
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A Two ADC prototypes in 130nm CMOS technology designed and tested:
A 613 split DAC:
A Excellent resolutionENORB > 9.65ENOR . f @50 MSp3
A 680 pwat 40MSpswith excellentFoM, = 21and FoM = 24fJconv.
A One of the best State of the Art ADC till now
A Multichannel ready in fact already used in:
A HGCROGde DThienpontalk, Thursday 9:30
A FLAME an#&LAXHEsee M. ldzik talk, Thursday 10)30
A Radiation hardness (with annealing) up to 3@d

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

agh.edu.pl
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il

acH A Two ADC prototypes in 65nm CMOS technology designed and tested:

A MIM-based, 613 split DAC:
A Good resolutionENOBIf  dpho60 MSps ENOBIF  yat®eMSp3
A Power consumption around 80% of 130nm technology
A Modified version (not shown here) usedlpGBTin monitoring circuitry

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

A ADGbased TDC designed, simulated and fabricated.
Postlayout 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
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Normalized amplitude [dB]

ADC dynamic metrics:

ADC dynamic metrics basics
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M SAR ]
B Delta-Sigma
[] NS-SAR
[] Pipe
M
©,
4 _
LL
Shibata
ISSCC 2017
]
BT
10% 10° 10° 10’ 10° 10? 107° 10"
= Conversion Rate (Samples/sec)
3
c Introduction to ADCs/DACs: Metrics, Topologies, Trade Space, and Applicatidviariars
% https://github.com/bmurmann/AD&urvey/blob/main/pdf/ISSCC203a0rt%20Courddurmann.pdf
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SAR ADC€bootstrapped switch

General idea: keel,sequal to power
supply voltage, regardless the (\hput)
voltage.

agh.edu.pl
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a) Preset phase
To minimize distortions during sampling,
a bootstrap switches implemented.
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Dynamic comparator
A Comparison performed on rising
SR3IS 2F a4l OUA@WSE aArdy
AwSasSi oal OUA@SE 20 f
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

HJ Jeon-Y® YAYZ ad / K2A ahFFasSd g2t al 3|1S |yl
IEEE 54th Int. MidweSlymp On Circuits and Systems, 2011
Jakub Moron, Low power, high accuracy ADCs and TDCs 42



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

