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* National Energy Research Scientific Computing Center

Lawrence Berkeley National Laboratory

EXCELLENCE
& DIVERSITY

3500 employees
1000 students

MOST DIVERSE

US NATIONAL LABORATORY
Key Strengths

Physical Sciences, Computing,
Biosciences, Earth and Energy

Sciences, Materials, and
Nanotechnology

NATIONAL
USER FACILITIES

* Advanced Light Source

1750 visiting researchers

14
NOBEL PRIZES

Most recent:. 2020 Nobel Prize in
Chemistry for co-discovery of
CRISPR gene editing (Prof. Jennifer
Doudna)

* Energy Sciences Network

+ Joint Genome Institute

* Molecular Foundry (including National Center for
Electron Microscopy)
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Fun Fact

LBNL may be the only workplace where you can write your address in elements!

247.070 251.080 243.061

Bk Cf Am

Lawrencium Berkelium Californium Americium

[Rn] 5f*7s%7p' [Rn] 5f ° 752 [Rn] 5f'07s2 [Rn] 5f 7 7s°
Actinides Actinides Actinides Actinides

All discovered by LBNL along with 12 other elements!

Plutonium discovered in 1940 at LBNL

Radiation hazard trefoil invented in 1946 at LBNL
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Agenda
ADC Overview

ADC Specifications

ADC Architectures

ADCs for High-Energy Physics

Design Study: Oversampling ADC

HEPIC — Analog-to-Digital Converters

Focus will be on ADC architectures relevant to HEP




ADC Overview
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What are ADCs?

Analog Output Analog Input

-t

Digital
0oo1 | Processor | 1001
110 1010
010 0010

Analog-to-Digital Converters (ADCs) provide the link between the analog world and digital processing

In HEP, detector outputs are usually analog (e.g. charge pulses) and ADCs pace experimental improvements

HEPIC — Analog-to-Digital Converters 6



ADC Applications

Analog World

Phone Lines, Cables (CT, CA) Audio
(DSL, Cable Modem) (MP3, Hearing Aid)

Video
(Dig. Camera, LCD TV,
E&M Waves TFT Display)
(Cellphone, Radio, Mechanical Transducers
GPS) (Car/Airplane Sensors,

MEMS, Nanopore)

o Biochemical Sensors
Digital Storage (Hazard detection, Drug
(DVD, Hard Disk, Flash) Delivery, Lab-on-a-Chip)

Paul Gray (UCB)



ADC Applications

24
22 -
| DVD 1KW
20 Audio
18 \ 1W
Resolution: log, of 7 16 - _
quantization levels &, Audio
< 14 A GSM Rx GSM Base
Sampling Rate: 5 12 - 1mW DSL Ultra-
number of 2 sound
_ K 10 - Motor DTV Dig. Scope
conversions/sec Controls . DVC
8 - Video
Teleph. HDD \
Bandwidth: 6 -
Sampling Rate / 2 4 - 1pW
(stay tuned!) Wireline Interface
2 - .
1kHz 10kHz 100kHz 1MHz 10MHz  100MHz  1GHz 10GHz
Bandwidth

B. Murmann (Stanford)

Huge application space - many complementary ADC techniques
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ADC Applications (cellular phone example)

Videos.

0 __ CMQOS? or
0 [n .
™M & something else?
L o

- O -

A
S -2

O

82

LLI N—r

(CMOS, 2001)

Berkdna GSM/GPRS Ericsson Bluetooth
(CMOS, 2005)

Present
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What exactly is Analog-to-Digital Conversion?

Analog-to-Digital conversion is essentially a ruler
that can be used to measure an unknown
guantity to some level of accuracy

This is an ancient algorithm to determine
weights (for example in a metal assay). Today
this algorithm is called Successive
Approximation (and the leading ADC technique
uses this algorithm still).

HEPIC — Analog-to-Digital Converters

g

TOTALS:

TEST

ISX=>327?

IS X > (32 +16) ?

IS X > (32 +8) ?

IS X > (32 +8 + 4) ?
ISX>(3248+4+2)?

ISX>(32+8+4+2+1)?

X=32+8+4+1 = 45,, =

ASSUME X =45

YES = RETAIN 32 =

NO = REJECT 16 >

YES & RETAINS8 =>

YES & RETAIN4 =>

NO = REJECT2 =

YES =& RETAIN1 =2 1

101101,

Analog Devices

10



Steps of Analog-to-Digital Conversion

Input Analog Signal | N ] i Output Digital
E : Signal
U.(t) .S I
| : e
o 00 : P
! : Quantizing and
E S/H — i Encoding 5
, circuit c | U.’(t) —O [;,1
- o o,
_ . “digital”
“continuous-

time analog”

Sampling

“discrete-time analogiLHJ
Monolithic Power Inc.

HEPIC — Analog-to-Digital Converters 11



Sampling & Aliasing

How fast do you need to sample?

If a system uniformly samples an analog signal at a rate that

Shannon-Nyquist Theorem: exceeds the signal’s highest frequency by at least a factor of
two, the original analog signal can be perfectly recovered

from the discrete values produced by sampling.

Aliasing

ol No allasmg_ If fsample >_2 fax
where f_ ., IS the maximum

frequency in your input signal.

Did you sample the red

curve? Or the blue curve?
12
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Sampling & Aliasing

Y(w)

(00]

X(w —nwy)

Ts

* Y(w)

fs > 2fm

A

\ /\ /\over sampling

1 Y(w)
fs = 2fm
perfect sampling
-Ws 0 Ws 2ws ’
* Y(w)
fs < 2fm
/\/ y\/\ under sampling

W

=Wz 0

HEPIC — Analog-to-Digital

Ws 2ws

Sometimes aliasing is a feature. For example you can
demodulate a bandpass signal “for free” using aliasing

Original spectrum f/2 Original spectrum
fs = 35.0 MHz w ¥
m=1
(@)
L. R R B I Ll l L I LS LT | mz
-250 -20.0 =150 =100 <50 150 200 250
fs =22.5 MHz 13,2 m =1
(b) J/ﬁ
I 1 1 mz
-25.0 —200 150 —100 —50 50 0.0 150 200 250
fs=17.5 MHz
F/] fsl2 i\l/‘ m=2
(© ] L -
LS L. b N & [ % 1% LR L R LN L | M'Hz
-250 -20.0 -150 -100 -50 0 50 10.0 150 200 250
fsf2
fg = 15.0 MHz A Y m=2
o I Kl\ N
T LAY LN LI L L L A T e
-250 ~20.0 -150 -100 -50 0 10.0 150 200 250
fs=11.25 MHH\‘ m=3
(e) ( T lA l/ﬁ .
-25.0 -200 150 —100 —50 0 150 200 25.0 MHz
Aliasin Aliasin
fs=7.5 MHz '__‘g r—-—lg m=56
|
@ LRSI L LA L L TR DO L LA LT L | bmz
-25.0 -20.0 -150 -100 -50 0 50 10.0 15.0 200 25.0

R. Lyons

Important: sometimes you don'’t care about aliasing. It depends

on the application. But once your data is aliased, that’s it.

Converters
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Quantization and Encoding
Vref

/\FA4’<’:DI:EZ%

Analog input Digital output
Vi
Vre f

Y. Chui (UTD)

Resolution: log, of quantization levels

— J)n
Dout_

Sampling Rate: number of conversions/sec

Important! Every ADC has three inputs. The analog input, the reference, and the power supply.

HEPIC — Analog-to-Digital Converters 14



ADC Specifications

HEPIC — Analog-to-Digital Converters 15



Key ADC Specifications (there are many others...)

Performance Parameters:
« Sampling Rate
* Resolution
« Analog Bandwidth: Different from sampling rate! Can be more or less (e.g. subsampling applications)
» Power Dissipation ~
* Die Area

* Linearity

* Noise

» Offset (Typically don’t care, sometimes you do...)
» Gain Error (Typically don’t care)

—
—

Dynamic:
» Signal-to-Noise-Plus Distortion (SNDR)
* Spurious-Free Dynamic Range (SFDR)
« Total Harmonic Distortion (THD)
« Effective Number of Bits (ENOB)

DV TRER MR AATE MR e

N First commercial ADC. 11b, 50 kS/s
HEPIC — Analog-to-Digital Converters $8500 in 1954 ($96,000 tOday|) 16



ADC Noise - Quantization

Two main ADC noise sources: quantization noise, and thermal noise

Quantization: inherent uncertainty in mapping from continuous to discrete domain due to size of code

+ €(t)

>

DIGITAL P +q |

OUTPUT 7 2
A “~~ SLOPE=s

> . 2
ANALOG ; |
INPUT -q +q
2s 2s
! e(t) = st - <t <L
q=1LSB 2S 2S
ERROR
(INPUT-OUTPUT) | | A AN N A /7 X o ra/2s .2
VA VAV VANV ez(t):_j (st)2dt = L
T q —q/2s 12
HEPIC — Analog-to-Digital Converters Analog bevices rms quantizatiOn nOise - ez(t) - \/%



ADC Noise - Thermal

Two main ADC noise sources: quantization noise, and thermal noise

Thermal: noise generated by resistances in the circuit (rms level determined by capacitors when sampled)

Psamp Vo 4 Vo 4
J_ vn2 = 4kT RON R ON . Isar:li: ';‘;or; aliased (sampI?d) noise
le J_\_ VIN @ — rack phase noise
N
Y v g flk -
2

— °° 1 4kTR kT
2 ON

vy = (4kTR = —
n = ON)L 1+ j2nfRonC 4RonC ~ C

Thermal noise depends on sampling capacitance. Fundamental tradeoff between noise, speed, and power

Total rms noise = [e2 + v? Most efficient when they are equal

HEPIC — Analog-to-Digital Converters 18



ADC Noise — example measurement

Idle Channel Test — disconnect (or connect to filtered DC value) and record some codes

By the Central Limit Theorem, we can expect the noise is Gaussian. If it isn’t, that’s a clue.

HEPIC — Analog-to-Digital Converters

ADC Hits [x10°]

14,

12

10

2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 2055
ADC Code

12-bit ADC

Width is about six codes, so
Rms noise about 0.9 LSB

(peak to peak = 6.60)

Offset: two LSBs

19



ADC Static Linearity

Often a key specification, and defines the accuracy of the ADC (as opposed to raw resolution)
Two main static linearity measurements: Differential Nonlinearity and Integral Nonlinearity

Simpler in practice than they seem.

Output $ Output 4
code code
m Actual ADC 7J7 T
110 — 110
Actual ADC —» =~
10171 o.5L3B wide, 1017 ;
_| DNL =-0.5LSB o
100 100

01177 < T > 011 ]
g
_ B o ’, _
010 1.5LSB wide, 010 . & MaxINL = +0.75LSB
001 DNL = +0.5LSB -
.“4¢——|deal ADC

/,-“¢——Ideal ADC

v

v

000 I | I | | I I | 000 I I [ [ [ I [ [
0 025 05 075 10 125 15 175 2.0 0 025 05 075 10 125 15 175 20
Vin [V] Vin [V]

binwidth(i) — LSB
LSB

DNL(i) = INL(i) = Z DNL(n)
n=0

Vv
LSB = =2

HEPIC — Analog-to-Digital Converters ZN



Testing ADC Static Linearity

Knowing how to test an ADC is critical, because it: N0 I S N
1. informs your design choices 5, b Dobrbo
2. testing techniques can often be adapted to simulation 5 psp Al e e B R
General approach: L
1. apply test signal with known probability density function (PDF) D; R
2. Create histogram of measured ADC codes g |
3. Map measured probability mass function to expected PDF 2 o ORI e
4. Interpret per-code deviations as DNL and sum DNL to get INL y SIS VORRNS SOSTE FOSTOOo WSSO MO W
digital code

Example:

Ramp Based Testing: Apply a ramp to ADC input. PDF is uniform (simple!)

DNL for each code is simply count for that code minus average count (simple!)

Don’t need many codes - about 1/([DNL resolution] * number of codes). For 10b @ 0.01 LSB - 102400 counts

Catch: difficult to generate a linear ramp, and typically you want your test signal to be 10X more linear that ADC.
Most commercial ramp generators aren’t better than 0.1% linear (at best!)

HEPIC — Analog-to-Digital Converters 21



Testing ADC Static Linearity

Solution sine-wave-based testing

It is much easier to generate a linear sine than ramp -> can heavily filter

PDF of sine is more complicated than ramp pdf(V) —
Example of FDF of digitized sine wave T[\/A 2 - V 2
3000 i ” N—1 2
- bathtub Number of N B 2" 2y /0
: samples needed: ~ samp B2

1500

a/2 = confidence level
B = desired DNL resolution
D N = number of ADC codes

nput [V Many more samples needed.
HEPIC — Analog-to-Digital Converters 22
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ADC Dynamic Performance

SNDR: Captures both noise and nonlinearity into a single measure.

N
Assuming a full-scale sine wave input, SNDR is: 2
SNDR = 1+v,  DNL
2\/E< n o4 )
V12 /3
SFDR: Difference between input tone and highest harmonic. »B
o . SFDR ~ —
Rule of thumb for estimating SFDR: INL
. : n_p
THD: Ratio of power of fundamental to sum of powers of all harmonics THD = n=2-'n
Py
ENOB: Number of bits of ideal ADC that gives same SNDR as ADC under test.
VFS
When quantization = thermal, ENOB = N-1 SNDR —1.76 + 20log, (V- .
inpu

ENOB =
6.02

HEPIC — Analog-to-Digital Converters 23



ADC Dynamic Performance — example plot

maghitude [dB]

-100

-120

-1
L= =)

12 bit ADC, 15 stages, Gdc = 2000, Cmm = 0.5%, no cal, fs = 2 MHz

r-a
=
T

1
e
o

(=]
=

o0
=
T

aMDR =
a50.040dE

THD =
-59.430B

1 2

3

4

a
freq [Hz]

B

7

SFDR =
62.150dEB

i

lm”*lp”'mrumllr||pr"I[W'|’IIWINIW'HI1HWIHHﬂlﬂwww[

3

10

5
=10

Here, ENOB = (55.54 — 1.76)/6.02 = 8.9 bits



ADC Dynamic Performance — Coherent Sampling

General technique: apply pure sine wave to ADC and take FFT of resulting output codes

f . N cycles f
Vitally important that all power of input tone is in single FFT bin = Coherent Sampling n Nsamples S
Example of incoherently sampled sine wave (67.2 cycles) Example of coherently sampled sine wave (67 cycles)
1] T T T T T 1] T
-0 1 100
-40 1 -200
E‘ -60 = -300
§ o] Tlp: pick
B [ prime # of
= 100 = -500f
cycles
-1z20 7 -G00
140} 1 -700 WWMWAWWMMWMW
_-I ED 1 1 1 1 1 —BDD 1 1 1 1 1
1] 100 200 300 400 400 GO0 1] 100 200 300 400 a0o GO0
Frag [kHz] Freg [kHz]

HEPIC — Analog-to-Digital Converters VERY useful for top-level simulation (and testing!) of ADCs 25



ADC Testing Takeaways

. Make sure your reference & power are significantly more stable than your ADC
. Make sure your test signal is significantly more linear than your ADC

. Make sure your board and input have extremely low noise during noise tests

. Make sure you use coherent sampling for dynamic testing

. Make sure you lock both the signal generator and the ADC clock to the same time base

HEPIC — Analog-to-Digital Converters
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ADC Performance Space
1 word/OSR*T ¢k
Resolution | 1 level/Te
[Bits] /.
20 | ;Tdk
Integrating Oversampling Partial word/T
15 Z
Successive Approximation
Algorithmic . 1 word/Tcik
Subranging
10 | Pipeline /
Folding & Interpolating
Interleaving
Flash
o Nyquist
Oversampling
0 I I I I I I I I I B
1k 10k 100k 1M 10M 100M 1G 10G 100G

Sample Rate [HZ]
Y. Chiu (UTD)



Impact of ADCs (Digital Audio example)

Fairlight CMI
1979: $32000
($132k in 2023 $)
Stevie Wonder

HEPIC — Analog-to-Digital Converters

INTERNA ﬂ

MUSIAENE

DEPECHE MODE
ALL THISEND E-MU I
IRON MAJDEN

‘‘‘‘‘‘

iavey effects« &
tessor » Kahler tremolo

E-mu Emulator Il
1984: $8000
($23k in 2023 $)
Depeche Mode

- S1000

MIDI STEREO
DIGITAL SAMPLER

INTELLIGENT DESIGN.

New dimensions
in sampling

w000 Q|
O 28 8

BOEE oz Z oo 2o (g
Cobbb588 g

P
| TwestRerch |

[={=1=}=]

DIGITAL INTERFACE

LARGE SOUND LIBRARY

Capture the real image of any S1000KE - The powerful $1000
sound with this 16 bit stereo high combined with a 61 note velocity
performance machine. The large sensitive keyboard. Optional
LCD allows fast and easy editing built-in hard diskdrive.

MEMORY EXPANSION TO 2rmeg.

of samples, together with quick
and logical programming. It's
hardly surprising that most of the
world'’s studios and musicians are
using this machine for high
ffi

S1000PE - Playback version of the
51000. Can be used from the large
existing library, or from samples
created on your own $1000.

quality stereo music and effects. S1000HD - The $1000 with a
But there’s more; there is a whole built-in 40meg hard diskdrive.
family of S1000 samplers to suit Convenient and sturdy for
your requirements. touring.

i
iy - KAI
e o A
T T ;
i |

Akai S-1000 Akai MPC-One
1988: $2500 2023: $599

($6350 in 2023 $)

Everyone
28



ADC Architectures

HEPIC — Analog-to-Digital Converters 29



ADC Architectures

HEP Relevant ADC architectures from slowest to fastest. Note: Everything was invented by 1970.

1. Integrating ("Wilkinson™)
2. Sigma-Delta

3. Successive Approximation
4. Pipelined

5. Flash

HEPIC — Analog-to-Digital Converters
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Integrating ADC

ANALOG
INPUT O C | R L
Vin T~ AN

i \ SLOPE= N : Vrer (CONSTANT SLOPE)
—VREF O—O ! : c
+ |
= ./ |
’ i w \\‘\‘
i; 0 : t
TIMER AND < T b g
CONTROL
DIGITAL Y v
IN
Y OUTPUT =T = re b
COUNTER
CK '
OScC. > R / t, = Vin T
Vv
| REF

Called “Dual Slope ADC” in industry. Remove R
(direct charge readout) to make a Wilkinson

HEPIC — Analog-to-Digital Converters 31



Oversampling

The frequency domain Oversampling by K times

Signal amplitude
Oversampling by K times

SNR = 6.02N + 1.76dB for an
N-bit ADC

Power
Power

SNR increase:
3 dB / octave

Quantization noise

Average noise floor (flat)

|

Figure 1

]

=
i B
= ™
o
g
]
I o=
-1
I o
H
H =1
o
-]
a =

Fo/2 Fe KF¢/2 kF

Spread constant noise power over a larger bandwidth and then digitally filter - reduced quantization noise
Extend this by shaping the noise (pushing more of it to higher frequencies where it can be filtered)

HEPIC — Analog-to-Digital Converters 32



Sigma-Delta ADC

Loop order is defined as number of poles in H(z)

|dea: Don't just oversample, modulate
the input to put more of the quantization STE NTE
noise power at higher frequencies H) 1 200

R T AR vt R S e

A Lo L SVTTORTY R VTR SRRy i T 7

A 2 A . : : . . ;
— Ve N r N\ : 5 5 : ; 5 5
(_H L.o....2 . .......... ..... ........... .......... ........... ......... _
X(Z) H(Z) é)7 Y(Z) GﬁIN GﬁIN ......... .......... .......... .......... .......... ........... ...........

Ist order DSM | 1
Znd-order DSM | ... i
Ard-order DSk

0 ; ; : : : ; ;

> > 0 258 a1z 788 1024

Key Idea: signal sees low-pass filter, FREQ FREQ

quantization noise sees high-pass filter. SNQR_improvement ~ 3(2L + 1) dB
For L =1, idle tones in output spectrum a problem and
high OSR required
For L < 3, stability is assured - mitigates design risk
For L >= 3, low OSR possible (simplifying clocking

HEPIC — Analog-to-Digital Converters deSig n) 33




Successive Approximation (SAR) ADC

Simple 6-bit example

J32 16 24 K20 K22 (23 + V(dac_word<5:0>

2 B V(:adc_top_tb:comp)

0.2
0.0 - .
-0.2 . . . . . . . . . . . . . . . . .
DN-ll l DN—2 kzkllDo i; B V(:adc_top_tb:strobe)
v

660.0M V(:adc_top_th:xdut:c:

Comparator st

EMF (V)

EMF (V)

Voltage (V)

BBBBBB

VIN_ 'M|‘|‘|'|'|'\'\'\'\'\'\'\'\'\'\'|-|'
1.2Uu 14U 16U 18U 2.0U0 22U 24U 26U 280 3.00 32U 34U 36U 3.8U 40U 42U 44U

Time (s)

W -
[SONE
Soo
oo

=

Directly implements binary search algorithm in hardware

HEPIC — Analog-to-Digital Converters

ADC output

Comparator
output

ADC strobe

DAC output

Vin=0.865V, Vref=1.5V
Vecm =0.5V, =2 code =23

34



Pipelined ADC

Multi-stage ADC, with each stage operating
concurrently = high throughput

1.5 bits 1.5 bits 1.5 bits 1.5 bits
Vi } Vl } V2 } V3 VN 1 b:O
n | Stage ,| Stage ,| Stage , ... N1l Stage Vr
1 2 3 N
VRr/2
Vin + Vout
SHA > Each stage processes V.
L5 bits Interstage the quantization
amplifier error (residue) of _
oo p A ) Ve/2
previous stage.
| | |
oN J S1samples | | ! S%SZ@E';Z ! -Vr -Vr/4 Vr/4 VR
| E E | S3 samples | E R EEEEEEEEEEEEE .
| [S1DAC+RA | | | [ SLDAC+RA iV, =2V, - (b ) l) Vi
(O | S2 samples | | S2 samples e esrrsasssrssasssssssssssssnsssrnans :
i | | ; ; | S3 DAC+RA
e e e THE enabling technology
S1CMP S2 CMP s o for Pipelined ADCs

HEPIC — Analog-to-Digital Converters
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Pipelined ADC

19" RACK-MOUNTED, 150w, $10,000.00 [l | BH|{ = 1
$95k in 2023 dollars! ‘

INSTALLATION OF 12 ADCs
IN EXPERIMENTAL DIGITAL
RADAR RECEIVER

8 bits, 10 MS/s (1966)

First high-speed Pipelined ADC (modular, not CMOS) by Computer Labs of North Carolina (later
became Analog Devices High-Speed Converters Division, where | worked before LBNL).

HEPIC — Analog-to-Digital Converters 36



Flash ADC

STROBE °
ANALOG TN
INPUT
o AAN - ;’F/%
*“VREF  1sr % R ]
>
R
_i>_' PRIORITY
§ ENCODER
R S AND LATCH
SR
§ R S
§ -
R "\
_ ji/)%
g R +\
= >

FAST.
Power Hungry.
Limited to about 8 bits.

Used as sub-ADCs in multi-stage ADCs

N DIGITAL

/. OUTPUT

TRW TDC1014J
A 6-BIT, 30MSPS
DELAY FLASH
LINE ADC
AM6688 W
4-BIT,
100MSPS St : e

ADCs DIFFERENTIAL

ECL OUTPUTS

HEPIC — Analog-to-Digital Converters

islel* {1 Lele)
-4 Y ©
EPoP\ :

e ¥

5" x 7" x 0.5", 21W, $3,500.00

10 bits, 20 MS/s (1979) $15k in 2023 dollars! =



Flash A

TRW TDC1007 8-bhit,
20 MS/s Flash ADC
enabled new field of

“digital video”

HEPIC — Analog-to-Digital Converters

TDC1007

Monolithic Video A/D Converter
B-hit, 20MSPS

The TOC10O7 is an B-bét fully paraliel ifiasht analog-to - digial
converter, capebla of digtzing an input signal &t rates up 10
20MSPS IMegaSamples Per Second! it will operate accurately
without the use of an external sample -and-hald ampiifier,
with analag inpur signals having frequency components up to
TMHz

A single CONVert (CONVY signal controls the conversion
operation of the device which consists of 256 sempling
comparators, encading logic, and & latched output buffes
reqster. The device will recover from a full-scale input step in
20ns. Control inputs are prowided 1o format the output in
binary, two's complement, ar inverse data coding formats

The TOC10O7 is patented under LS. Patent No. 3283170 wath
cther patents pending.

Features

* §-Bir Rasolution

 Conversion Rates Up to 20MSPS

* Sample - And - Hold Amplifisr Not Reguired

® Bipoler Mongithic Construction

* TTL Compatible Inputs and Dutputs

® Binary ar Two's Complement Mode

* Differential Phasa = 1.0 Degrees

* Didferenizl Gain = 1.7%

* Evaluation Boards Availabie; TDCI007EIC or TOCIOD7PIC
Applications

* Videa Systems e o & Subcarrier, NTSC or PAL
* Radar Systems

® High- Speed Multiplexed Data Acquisition

® [iginal Signat Processing

Functional Block Diagram

L
R 4

g _}(

E e

L

. E W by H . -

. s :
=ik

- Bs

1> o, LY
=

Won technical Emmy in 1989!
ADC designers are creative.
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ADCs for High-Energy Physics

HEPIC — Analog-to-Digital Converters 39



In the dark ages*_ . IC Development at UC Berkeley

Hodges Flip-Flop (1963)

The Microlab
was located on

the 4™ floor of
Cory Hall,
facing Hearst
Avenue.
Paul Gray Paul McCreary
*1960s - 1970s First all-MOS ADC (1975)! S B i Stephen Lewis — First CMOS Pipelined ADC (1986)

HEPIC — Analog-to-Digital Converters 40



The rise of the Custom ASIC

1960s : Only a few Universities made chips

Late 70s : Technology for Multi-Project Wafers
(Mead and Conway)

1981 : Founding of MOSIS with DARPA support

1987 . MOSIS commercialized (first large-scale
eCommerce application on the Internet)

Also 1987 : TSMC founded (and Fabless Semi
industry was born!)

Blechsmes/Ociover 20, 1991

THE MOSIS SERVICE

P

D

HEPIC — Analog-to-Digital Converters Trivia alert! The same DARPA program led to the development of the first hardware description language, VHDL.
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First Physics ASICs

Microplex — first custom ASIC for Physics Research SVX - First CMOS ASIC for Physics Research
1 T
FRRRRIRINRNEY
.| 11,000
transistors
: CDF
i3, experiment
Y b B used 240 SVX
G A s chips = 30720
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HEPIC = Analog-to-Digital Converters Technology soon advanced to make on-chip ADCs practical *



Unique Challenges for HEP ADCs

Physics experiments often create extreme environments for their readout ASICs

Liquid Argon

ATLAS Detector ProtoDUNE LAr TPC
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Unique Challenges for HEP Custom ADCs - Radiation

Two main types of radiation damage to integrated circuits that concern us (Single Event Latchup and
Single Event Transients of less importance in HEP experiments)

Single Event Upset — transient effects that

Total Integrated Dose — structural damage _ )
J J could modify data or lead to incorrect data

to silicon structure that leads to failures

Striking particle

Vop Voo

s aaraty
e Peaaa
) e Rt
" i =
. ) R araa
Node stroke i P
g ) e
- e e
/ by th e Ugﬂaﬂgﬂaugﬂaﬂg 'Ugﬂaﬂgﬂau

particle

.
b
1 1 w

GND GND

Trapped charge Interface states
ALWAYS POSITIVE! Can trap both e-and ht
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Radiation -- Total Integrated Dose (TID)

Requirements for TID radiation tolerance for physics far exceed any commercial application

1rad 10rad 100rad 1krad 10krad 100 100Mrad 1Grad

satellites

deep space probes

Before
= irradiation
Before
irradiation

HEPIC — Analog-to-Digital Converters F. Faccio
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Radiation -- Total Integrated Dose (TID)

Key mitigations:
» use scaled technologies (Microplex and SVX only radiation tolerant to 10s of krad)

» “Hardness-By-Design” techniques (long devices / enclosed layout / guard rings / etc)
* Annealing

Source-Drain leakage is eliminated by the Enclosed Layout Transistor (ELT)... NMOSL a rray » MOS W a rray
Alon
G Y T N T 'I":lr [r] T w T
g om N
5 e
o ™ o

=N 1umy80nm
F —+—N tum/120nm Ferred 440 ¢
——N Tum/240nm i |
——N 1umy360nm =N 120nm/G0nm
| —e—N 1um4sinm ez 50 M =N 240nm/60nm
*—N 1m/800nm : === S00nmo0nm

: —+— N 480nm/G0nm
460 H ==t G00NMYBE0NM

Inter-diffusion leakage is eliminated by p+ guard rings...

=N tum/ium
e N 1V 10pm

+—N 1um/S0nm
SUBSTRATE g ——NELT 1um/0nm s
Al idiaal A dadial " A .70 LT In— 1 "
8 7 o - 7
Pre-Rad 10 10 10 10" Pre-Rad 10° 10 10° 10°

TID frad) T [rad)
F. Faccio
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Radiation — Single Event Effects (SEE)

Scaling devices makes ASICs more resilient to TID, but less resilient to SEE

H Proton
®© eavy

Photon (X, v) lon

Small density of e-h

Large density of e-h
pairs pairs
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Neutron

Small (proton) or no (neutron) density for direct ionizatjon.
Possible high density from Heavy lon produced from nuclear
interaction of the particle with Silicon nucleus.
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Radiation — Single Event Effects (SEE)

Key mitigations: Triple Modular Redundancy (TMR), Hamming encoding, continuous reconfiguration

5-State Finite State-Machine  5-State Finite State-Machine

A Binary Encoding
Comlb orf p .
Logic F
— . Out
Com.b DFF Majority |, SEU StU
Logic I ’— Voter \L J/
S ' 444N =
e —— 1 T ) T T 1
Example of an FSM used to 5-State FSM with each state Regular reconfiguration
Comb oFf control a peripheral device. encoded as binary numbers. e
Logic An SEU can change current state and cause a Reconfiguration
Clk ! catastrophic event. SEU
& sg,fvg:;':;/,:'gg;;;;ﬂ;g;'r State 0 (State IDLE) and Its S SS—
g;::lepamon Hamming-3 Companion States S S S S S
] Base State -
Triple Modular Redundancy (TMR)

CJ

te4  State

‘ Read _
000100 ,
000010 time

O Continuous Reconfiguration

e 3 State 2 Q
.@ -y ‘ )
® .0 100000

Hamming encoding K. Berg
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Cryogenic Operation Reliability and biasing drift

[Vth| of PMOS WIL = 10/10, 10/5, 10/1, 10/0.35 [um)]

[Vth| [V]

badp * data 10/10 ()
13 ' x data 10/5 13
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11} (—model 0/ 11 {W/L=10pm/10pm — 0K ?’
. —model 10/0.35 ]
. ‘ e 10 - — —— 20K /
. - | Negative resistance
0.9/ Functlonal!ty, 94  and hysteresis. —— 77K /
.s. 1hreshold Shifts 1 Carrier freeze out e« 9797K /
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“Hot” carriers cause
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Design Example
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Design Example — Sigma-Delta ADC

Goal: 12b — 100 kHz ADC for power monitoring Synthesize ADC transfer function in MATLAB or Python
Q(z)

180 L=6
X] X2
160

Ko —>—@—| o= O e

—_
N
o

EN
o N
o O

a
» Ao

NN
o

SQNR Improvement [dB]

N
o

o
T
1

R
o

A
o

| |
i i i i i [ [
24 8 6 32 G X

Doubling OSR improves

SONR by (6L+3) dB Xp i) K‘“)( X
or L + 0.5 hits "

(n) n+
Choose 2" order modulator y X Lo §
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Design Example — Sigma-Delta ADC

1 g ; T T ! T ; 5 !
SNR = 34 608 @ OSR = 128 ' _ :
2Ok TRRR. TRTEE T A S 1t - AT

-4D-~-~-€-~

dBF:

_ED L. L ,_ ....... ...... .

o L TR TR S S T e S .

ool ; ........ ] ; ........ ; ........ ;”.””.é ........ . o il
: : : ; : : — Simulation

Expected P50

0 0.1 0.2 0.d 0.4 0.5
Mormalized Frequency

N Synthesized modulator close to ideal
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Desigh Example — Sigma-Delta ADC

Implement transfer function coefficients as capacitor ratios

l—oVREFP
L v Lo VREFN
¢> s d)z
C _o/o_I_"_I P Ca
11 11
‘o\ ¢2 ch | 1] | 1]
b | G Kot b Kow o | @ .
Vip o—/o—-—ll—x—% o -3 o—o—o/ | 3 —0"o0—4 - __,_— ——t—0 D,
Vi, o—/o—o—l oz—. + —o—0o” I—.—/ +
s Co _L¢1p 2 _Ld)l s
po ] & G ]
Cy _(O_K_II_K C,
¢ _L¢2p
I Vem :/o_l—o VREFN
L—o VREFP

Modulator Schematic



Design Example — Sigma-Delta ADC

Voltage (V)

B Vi:modulator_b

15tint
V(:modulator_b

2nd int

l V(modulator_b

Vinput

¥ V(imodulator_k
Digital
out

LANRLL L L L L L L L L L L LB B

0.1M
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Design Example — Sigma-Delta Digital Filter

.
[ C\Users\CRGrace\Google Drive\LBNL work\projects\DUNE Cold ADC\Design Study\sinc3filter. - Note... l | -

File Edit Search View Encoding Language Settings Macre Run  Plugins  Window 7 X

f f N a5 B g_"a[aﬂ | |ﬁﬂba|-% -%|u_"-'t_j-|§:a ||L:|BI_|“E|

s S/ Hia_1cvs lEoc‘tave_dc.m ]Eadc_ana}ysis.py =] sinc Hiter v l
25 -
26
27 /*Perform the Sinc3 ACTICN*/
28 always & (in bit)
29 if(in_bit==0)
30 ip_data <= -1; /* change from a2 0 to a -1 for 2's comp */
k 31 else
1 1 k 2 ip_data <= 1;
—| |1— — y[n] =
X[n] ’ 1 —l > N 1 Z n 34 /*INTEGRATCR Perform the accumulation (IIR)} at the speed of the modulator.
- Z &3 Z = one sample delay MCLEKCUT = modulators conversion bit rate */
36 F
= always @ (posedge clk or posedge reset)
38 if (reset) begin
38 /#initialize acc registers on reset®/
40 accl <= 0;
4 accz <= 0
acc3 <= 0

S
[

end else begin /*perform accumulation process*/
accl «= accl + ip_data:

Structure called Cascaded Integrator Comb (CIC) filter

m

[T

3 accZ <= acc2 + accl;
46 acc3 <= acc3 + acci;
47 end
HE /*DECIMATION STAGE (MCLEOUI/ WORD_CLE) */
50 always @ (negedge clk or p dge reset)
3 51 if (reset)
— OSR 52 word_count <= 0
1 — Z 53 else 2
< word count <= word count + 1;
inc3 filter: H(z) =
—
For Slnc I ter- 56 always & (word count) word clk <= word count[f];
1 — Z_l 57
58 /* DIFFERENTIATOR Perform the comb filtering (FIR) at a lower speed.
HE WORD CLE = output word rate =/
60
61 always @ (posedge word clk or posedge reset)
62 if(reset) begin
. 3 . . 63 acc3_dz2 <= O
Filter implemented with Verilog HDL C e
635 diff2 d <= 0;
66 diffl <= 0O -
length: 2342 lines: 96 Ln:1 Col:1 Sel:0]0 UNIX ANSI INS
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Design Example — Sigma-Delta ADC
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esigh Example — Sigma-Delta ADC filter layout




What’s Next?

Architectures that harness the unique capabilities of scaled CMOS to improve efficiency

Pipelined SAR

Stage 1: 6b MDAC

Examples

Digital Error Correction Block

HEPIC — Analog-to-Digital Converters

Asynchronous SAR

Non-Binary > SR

Capacitor >
Network Latch
: Pulse Ready
Generator Generator
2-phase v
clock —Ir 3
generation Sequencer 'CL: 50
(Multi-Phase CLK) '
iCLﬂ_e

Switch
Logic
&
Bit
Caches

SRAM
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