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Introduction

* ColdADC ASICs received from foundry in early 2019

* Extensive testing program at Fermilab, BNL and LBNL

* A number issues were identified relatively quickly

* ColdADC is highly configurable with many redundancies to
mitigate risks

e Able to configure the chip to operate well

* Initial performance results are good

* Will present the findings/results in this talk. Carl will cover
our understanding of the issues and changes planned in the
next talk
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Testing Terminology/Jargon

Input method #2

(“SDC bypassed”) Input method #3
(“ADC Only”)

VDD/VSS domains
3

Cold ADC

For standalone test using pulser for
e input signal, three input methods

DIG_OUTC(P/N)

DIG_OUTD(P/N) a re ava i | a b I e

DIG_OUTE(P/N)

DIG_CLKOUT(P/N)

IN0 [ H—— BUFFER

Input Method
#1 (“full chain”)-

81
MUX [T]

12-bit 16 MS/s Correctiongﬁ")r ibrati
Pipelined ADC Logic Engine

ﬁ; BUFFER DIG_OUTF(P/N)
DIG_OUTG(P/N)
ADC Reference Data d> DIG_OUTH(P/N)
Buffers Formatter ° °
w=  \When LArASIC i d, only input
IN8 [ H——{BUFFER > S/H e S use ) O u
CLK_64MHZ(P/N)
.
s method #1 and #2 labl
30 16 16
w || o ] ax e etno an are avaliapie
L]/ 12-bit 16 MS/s ;&> Correction C
M Pipelined ADC Logic Engine [ 1V
7s VMONITOR
IN15 [ H——BUFFER >t~ S/H IMONITOR
Configurati $ 12¢ 12C_(SCL,SDA,
BNL BUFFER + 52D and Debug SDO)
LBNL l:l BJT-based CMOS-based Interface
Reference Reference
Generation Generation <: dLLy Mmiso/mos!
FNALI:l {} 12C_ADD
VREF(P,N,CMI,CMO), BGR $SO_(FRAME, DATA[1:0], CLK)

“Frozen SHA/MUX”:
e MUXis disabled
* One specific channel is sent directly to
pipelined ADC (sampled at 16 MHz)
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Cryogenic Systems

]

4Cryocooler @ Fermilab:
Ability to control the |
temperature of the ASl

Cryogenic Test System (CTS):
Multiple units built by MSU.
Available at all 3 labs

* Quick thermal cycling time

*  Will use for production testing HEs
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Test Boards

Fermilab cryocooler setup uses NI FPGA
board for readout

LBNL Test Board in CTS.

BNL Test Setup

FE ASIC | | ColdADC die | 10MHz Sync Clk |
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ColdADC Performance Summary

Configuration for System Level Integration Test:
« VDDA2P5=VDDD2P5=2.5V; VDDD1P2=2.0V; VDDIO=2.25V
e CMOS Reference (VREFP=1.95 YV, VREFN=0.45V, VCMI=0.9 V,
VCMO=1.2 V)
 SDC bypassed

Specification Value Result Note
Operation Temperature | Room Temp. (RT) and 88 K Success
Sampling Rate 2 MHz 2 MHz
Noise 200 pV-rms 189 pV-rms @ LNs2 temp
— (302 pV-rms) (RT)
Differential Non- +0.5 LSB (at 12-bit level) +0.2 to —0.5 LSB | @QLN, ; typical values
linearity (DNL)
Integral Non- +1 LSB (at 12-bit level) +1.2 to —1.1 LSB | @LN,, typical values
Linearity (INL)
Effective-Number- 11.0 bits <mean>=10.6 bits @ LN,
of-Bits (ENOB) rms=0.3 bits
No Missing Codes N/A Success @LNs and RT
Across Dynamic Range
Crosstalk No Specification < 0.5% @LN,
(< 1%) (RT)
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Functional Tests

Core functions performed as expected:
* |2C, UART communications
 Chipreset
« LVDSI/O
* CLOCK generation
 Data formatter
* Etc.
Auto Calibration for Pipelined stages:
 Did not work. Issue understood
e C(Calibration is done offline and then weights are
loaded back to the ADC registers
* Inconvenient but offline calibration is functionally
identical to autocal

Cheng-Ju Lin (LBNL) 7



ADC Noise

ColdADC noise performance is excellent

Measured noise: . fﬁ L NER TENEE |
302 uV-rms (6.7 LSB 16- blt) || of

at room temp P=32455.7,0-4.44 o 32836 44 p=12621.0,a=4.25 p=13009.8,a=4.28

| e lm | | B
+ 189 uV-rms (4.2 LSB 16-bit)” Jﬁl 5 W- NEr |EinEe
at LN, temp | =0 ’J | i

P=02482.1,0=4.24 1=37459.4,0=4.J9 P=12712.0,0=4.29 p=12657.9,0=4.24

Measured with SDC bypassed. = ’Hﬂ ﬂ“ = F"" o |
: ANE F

SDC noise is negligible

|
L

o arlt — —

- T TR o - _ —— —=>

p=32014.7,0-4.39 p=32728.8,0-4.21 p=32736.9,0-4.18 2=33072.0,0-4.13
‘ ' - 2920 -
20630 ‘ I oo} r' WX 1
20X | |
= T | Jd R =
- 20X ‘ | ‘ 10063 1 =
el ¢l .J - 3 | —— — ==
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LArASIC+ColdADC Noise

Noise for the full chain (LArASIC+ColdADC) also measured

With 150 pF capacitor at LArASIC input to simulate TPC sense wire

capacitance
ENC Measurement

1500 T
Cd = 150p[: ——4.7mVfC BL900mMV
1250 + ——7.8mVfC BL900OMV
T . RT —+— 14mVvfC BL90OMV
7 \ —4— 25mVfC BL9OOMV
< 750 - =
250
O | L I | ] ] I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Peak time / (us)

No significant differences between CMOS vs BGR
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LArASIC+ColdADC Noise

Noise as function of input capacitance at LN,

Showing good linear relationship between noise anc

800

700 -

600 +

LN2, FE sg = 14mVfC, , 12bit ADC

- FETp = 0.5us: ENC = 2.192 *
—— FETp = 1.0us: ENC = 1.846 *
- FE Tp = 2.0us: ENC = 1.476
- FE Tp = 3.0us: ENC = 1.332

Cap + 175.75
Cap + 167.33

* Cap + 181.67
* Cap + 190.73

0 25 50 75 100 125
Input Capacitance / pF

150 175

capacitance

Note: due to test setup, the actual capacitance may be slightly lower than the points shown
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14-bit ColdADC

Default plan is to truncate 16-bit down to 12-bit
Given the superb noise performance, will consider outputting 14-bit

With Input Floating

ENC Measurement ENC Measurement

ENC Measurement
0 m——/m/m™ ™ ™ ™ — » m———————— » —m————
: = 4,7MVIC BLO0OMY . —t= 4, 70VIC BLIOOMV e [ _ _-{
16bit ADC 7.8mVIC BLOOOMV 14bit ADC 7.8mVIC BLI0OmY IZb't AD[C_ | vt
230 —f 14mVIC BLIOOMY 230 wd= 14mVIC BLIOOMV 230 {
P ——t | i S wp 25mVIC BLOOMY : — ) — e 25mVIC BLIOOMV :
~ 200 ‘ { ~ 200 _,4 ~ 200 -
] v ‘ 4 v -
z | z — z e b & TMWVIC BLOOOM
y — —— _;$_____;;/—-”4 g f— — 5 T e e ey D u::;v( Bt‘*r:::\:
150 — 150 == = 150 ——— ’ 3
~4— 14mVIC BLS0OMV
4= 23mVIC BLSOOmMY
100 v- . - v .- " 100 . e v v - v . 100 . . " o v B —~y —
0.0 05 1.0 15 20 25 30 35 40 00 05 1.0 15 20 2.5 10 35 40 0.0 05 10 15 2.0 25 30 15 40
Peak time / (ps) Peak time / (us) Peak time [ (ps)
With 150 pF Mica C 1t t Input
ENC Measurement ENC Measurement ENC Measurement
7200 —f= 4.7mVIC BLIOOMV | 700 4 ~t= 4.7mVIC BLI0OmMV 700 + =t 4.7mVIC BLIOOmMV
7.8mvIC BLIOOMV 7.8mVIC BL90OMV 7.8mVvIC BL9OOMV
600 - 14mVIC BLSOOMV | 600 4 == 14mVIC BLS00mV 600 4 = 14mVIC BLIOOMV
, L e 25mMVIC BLIOOMY - 4 e 25MVIC BLOOOMV - o e 25SMVIC BLIOOMY
S - = S -
~ %00 ~ 500 4 N ~ 500 —
2 4 ~—— 9 e ——
& & = ! & ——
00 400 4 400 ——
0 . 0O 4 2 k H
¥0116bit ADC %01 14bit ADC »91 12bit ADC
- v — ol "~ > > - - » - - > v —— » \ amn - — \ pas - — - \ o - —
0.0 0.5 1.0 15 2.0 25 30 35 40 0.0 05 10 15 20 25 i0 35 40 0.0 05 1.0 15 20 2.5 30 15 40
Peak time / (us) Peak time / (us) Peak time / (ps)
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ColdADC Static Linearity

* Apply sine wave to input channel
Extract DNL and INL from code density histograms

Cheng-Ju Lin (LBNL)
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SNDR = 67.41 dB
ENOB = 10.91 bits
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LArASIC Calibration Circuit

LArASIC has a 6-bit DAC to inject charge at input for calibration

Waveforms Overlap of CHO Waveforms Overlap of CHO _— Linear Fit of CHO
75 4+ INL=0.19%
FE 900mV BL

50000 - S0000 -
c c
£ 40000 - < 40000 4 U
2 £ S
c c QU
3 = o
© 30000 - S 30000 - z

=

a 2 v
< 20000 < 20000

10000 - 10000 -

- 3
0 ! ! ! 0 ! , : -100 + : . :
0 2 4 £ 3 10 0 2 4 c 8 10 0 1000020000 30000 20000 50000 60000
Time / ps Time / ps ADC counts / bin

Observed non-linearity (from linear fit) of 0.19% is dominated by the
6-bit DAC. Non-linearity from LArASIC+ColdADC is expected to be
well less than 0.1%
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Channel Crosstalk

e Study channel crosstalk for LArASIC+ColdADC together
* Large input pulse on one channel and look at the response on the
remaining 15 channels

Xtalk,pulse--> chn0, 200 waveforms for average

- Room Temperature
. vpp=58819.4
£ 40000 ] CHN | Amplitude /LSB | Crosstalk /% |
f; 0 58819 100
< 20000 1 532 0.905
2 184 { 0314
s x i = s 3 142 0.242
4 136 0.231
33800 { \—— chn1 , . et 5 131 0.223
2 33600 { = chin2 ™ - e 6 221 0.375
- chn3 s T i
T | piand B g SRE o NS 7 117 0.199
8 32200 chns M A N 8 120 0.203
— hne \/v 9 120 0.204
33000 1 —— a7 10 114 0.194
0 20 40 60 80 11 114 0.194
33800 A e 12 99 0.168
T e R g N, —— chn8
33600 —— chn9 13 96 0.163
2 e — —-chn10 14 88 0.149
g 334009 R s - ~~—_ — ¢hn11 15 88 0.149
o ———/‘_A/\—/\ L
C<3 33200 —_/_\/\ chnl3
33000 4 S~ 14
—— ————T TS
(') 2'0 40 60 8'0

hmes
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Channel Crosstalk

LN, Temperature

16 2.0%

| | Results:
e Largest crosstalk on the

adjacent channel within the
ADC core

14 A

1.5%

—
o

e About 1% at warm;
< 0.5% at LN, temperature

Crosstalk Distribution
o

e Studies suggest the source
of the crosstalk is in
0.2% SHA/MUX

0.5%

[
[
&
Crosstalk / Injection Pulser (Peak-to-Peak Amplitude)

Ll I

3 ] O

0 2 4 6 8 10 12 14 16
Channel # with Injected Pulser
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ColdADC Power Consumption

* Running ColdADC at higher than nominal voltages to address
several issues (e.g. IR drop, missing level-shifter, etc.)

* Expect lower power consumption in the next revision of the
ColdADC. Also similar performance between BGR and CMOS

e At our current nominal configuration, drawing ~425mW per chip

(~26 mW/channel)

Temperature RT RT RT LN, LN, LN,
Reference BGR BGR CMOS BGR BGR CMOS
SDC enable | bypassed | bypassed | enable | bypassed | bypassed
VDDA2P5/VDDD2P5/ V 2.5 2.5 2.5 2.5 2.5 2.5
VDD1P2 / V 2.1 2.1 2.1 2.1 2.1 2.1
VDDIO / V 2.25 2.25 2.25 2.25 2.25 2.25
Total Power / mW 515 418 418 563 513 425
Power per Channel / mW 32.2 26.1 26.1 35.2 32.1 26.6

Cheng-Ju Lin (LBNL)
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ColdADC Production Testing

e QC procedure developed and tested at BNL
* U. of Florida is setting up the production site to perform QC on the
remaining ~90 packaged ColdADC chips

[ Configuration File |
« Chip ID and Board ID
* Root path
* Environment (RT or LN2)
* Frequency (500 kHz)

L PSP EE e S e ST ERR it External Input | -----------oomommme

Low Noise Power Supply
For ColdADC

Power
Supply

* Power consumption

Clock Source

10MHz Synchronization Clock

* Histogram plots and RMS

' | * Reference (BJT or CMOS) DC Noise I noise
i | » Baseline (200 or 900 mV) * Channels noise compari-

son plot

1
* Communications check !
(UART and 12C) 1
* Reference sweep plots !
(BJT and CMOS) ]
* Calibration weights !
* Reference (BJT or CMOS) Test Con- | (BJT and CMOS) - Fiber e
* Disable SDCs figuration ! Fiber Switch
* Calibration weights ! FEASIC ColdADC -
! Socket gg
: ~ i Mezzanine 00 ProtoDUNE
' H FPGA Mezzanine
i [ Reference (BJT or CMOS) }-—-[ Static Linearity ]-—. . aalltl-’;lﬁ E‘;);SL i — o
: = = L i 0000000
; : :
. '
' = ! 100MHz Clock
' | Reference (BJT or CMOS) Dynamic * FFT plots ' ColdADC Socket Test Board
i Behavior |* SFDR, SINAD, ENOB ! —

Differential E
Test Setup 1
* Reference (BJT or CMOS) :
+ Calibration weights Test Con- '
* Internal sampling fre- figuration }
quency (16 or 4 Ms/s) :
* DNL/INL, FFT, noise plots | |
— Internal ADC » Worste DNL/INL, ENOB, | + [N
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ColdADC Production Testing

* BNL performed QC on 33 packaged ColdADC

* One chip (#00096) drew high current. Has a “short” between
VDDA2PS5 and VSSA2P5. Sent out for post-mortem

* Also previously tested other chips. Out of 53 (51 packaged and
2 bare dies), only one failed. Yield is very good

* Showing results from the 32 QC’ed chips

Power Consumption

Power Consumption at RT (Total chips = 32) Power Consumption at LN (Total chips = 32)
141 Mean = 413 4.0 Mean = 450
RMS = 9 B pMs =30
12 3.51
(] v
£ 10 £ 3.0
S S 251
% 8 g
< € 2.01
5 6 5
@) (@) 1-5 1
o Q
< 4- < 1.0 4
21 0.5 -
0 v v v - - 0.0 T v
360 380 400 420 440 460 480 500 360 380 400 420 440 460 480 500
Power Consumption / mW Power Consumption / mW
(a) At RT (b) At LN2
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ColdADC Production Testing

Linearity measurements are done with all 16 channels pulsed
simultaneously

Due to crosstalk, slightly worse linearity values than single channel
measurements

Linearity (Sampling Rate = 2 MHz)
RT LN,

Histogram of Worst DNL (2 MS/s) Histogram of Worst INL (2 MS/s) Histogram of Worst DNL (2 MS/s) Histogram of Worst INL (2 MS/s)
120

160 Total CHNs = 512 Total CHNs = 512 Total CHNs = 512 Total CHNs = 512
(a) = Mean = 0.76 (b) = Mean = 2.60 (a) = Mean = 0.52 (b) mmm Mean = 2.81
140 RMS = 0.14 100 RMS = 0.46 100 RMS = 0.08 100 RMS = 0.54
w w
€ 120 2 0 @
o 5 S 80 S 80
> 2 80 3 3
Y 100 o ) o
o [ D o
€ € 60 2 60 2 60
5 80 & c <
o o
S S rs s
60 o o
8 a8 40 o 40 Q 40
=3 = Q (=]
40 < <
20 20 20
3 l l l-
0 0 J —-_ -
04 0.6 0.8 10 12 14 15 20 2.5 3.0 35 4.0 s 0.4 0.5 0.6 0.7 9 20 25 30 35 40 45
Worst DNL /LSB Worst INL/LSB Worst DNL / LSB Worst INL / LSB
Histogram of ENOB (2 MS/s) Histogram of Noise at 900mV (2 MS/s) X _ .
Histogram of ENOB (2 MS/s) Histogram of Noise at 900mV (2 MS/s)
120 Total CHNs = 512 160 Total CHNs = 512 175
mmm Mean = 10.04 (c) (d) mmm Mean = 0.68 Total CHNs = 512 Total CHNs = 512
RMS = 0.16 140 RMS = 0.04 100 | mmm Mean = 10.11 (c) (d) mmm  Mean = 0.48
., 100 2 RMS = 0.20 150 RMS = 0.05
€ € 120 9 8
g 8 3 B €125
3 3 100 3 S
5 60 S 80 3 60 3 100
= r c c
() ) s 8 75
Q v 60 O (o}
o 40 [} o 40 o
< < o a
40 =, < 50
20 I~ 56 "
0 0 !
9.6 9.8 10.0 10.2 10.4 060 065 070 075 080 085 090 ol 0
ENOB / bit Noise at 900mV / LSB 9.6 9.8 10.0 ; . 10.6 0.40 045 050 055 060 065 070 0.75
ENOB / bit Noise at 900mV / LSB

-
Cheng-Ju Lin (LBNL) 20



oldADC Production Testing

Also characterize performance with slower clock speed to estimate
the performance with minimal crosstalk and kickback

Linearity (Sampling Rate = 0.5 MHz)
RT LN,

Histogram of Worst DNL (500 kS/s) Histogram of Worst INL (500 kS/s) Histogram of Worst DNL (500 kS/s) Histogram of Worst INL (500 kS/s)
[ I : T : = 1401 Total CHNs = 512 Total CHNs = 512
175 (a) Total CHNs = 512 100 (b) Total CHNs = 512 (a) — Mein L1051 1264 (b) R v il
mmm Mean = 0.13 mmm Mean = 0.65 RMS = 0.06 RMS = 0.15
150 RMS = 0.01 RMS = 0.05 1204 = 0. =0.
80 8 2
2 2 € c
= S 60 @ T
% 100 g £ £
c c < ]
2 2 6 6
G 75 S 40 o 0
a8 =3 2 E
< 50 <
20
251
| 0
0 0
010 011 012 013 014 015 016 0.17 055 060 065 070 075 0.20; :0.29; 00 w:}:tsonf'fgse 043 839 093 9.6 e i -~ b2 19
Worst DNL / LSB Worst INL / LSB
Histogram of ENOB (500 kS/s) Histogram of Noise at 900mV (500 kS/s) iio Histogram of ENOB (500 kS/s) Histogram of Noise at 900mV (500 kS/s)
T T T 250 : - : : z : : = =
250 Total CHNs = 512 Total CHNs = 512 e (c) Tl =% (d)
mmm Mean = 10.84 mmm Mean = 0.53 120 | - RMS = 0.09 . RMS = 0.05
RMS = 0.03 RMS = 0.02 : :
200 200 0 "
2 2 (d) £ 100 2
s | (9
© 150 Y150 g %0] o
3 g £ £
3 100 8 100 § 8
401
2 2 < <
50 50 20+
ol
10.5 10.6 10.7 10.8 10.9 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.67 5 . m'gnoa ,t?t'g 033 040 Noi;’é“:( 90%?\',5/058 L 9,60
ENOB / bit Noise at 900mV / LSB
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First prototype of ColdADC is performing well. Essentially meeting
DUNE specs

Noise performance is excellent. Reducing quantization noise by
going to 14-bit can further improve the overall system noise

Will consider outputting 14-bit. COLDATA provides for 14-bit as
well as 12-bit data (as does the Warm Interface Board output format)
A number of issues were identified. With the redundancies and
programmability of the ColdADC, able to configure the chip for good
performance

Power consumption is acceptable even at elevated operating
voltages. Power consumption will go down in the next version of
ColdADC

Production QC Testing procedure has been exercised. Yield based on
~50 chips is high (>98%). Production Testing Site will QC the
remaining packaged chips soon
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Input Buffer

ibuff sha_channel
_____________________ - r—==— _]
: SDC DB :: |
|
: sdc_pd =1 db_pd=1 | |
|
| oo oo o :
oV : | | vod
| |
. |
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Noise Performance
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Fitting with MicroBooNE Raw Data
and ProtoDUNE Raw Data

MicroBooNE Raw Data
MicroBooNE Filtered Data
40% APA Filtered Data
VST Filtered Data

40% APA Raw Data
ProtcDUNE Raw Data
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LArASIC gain = 14mV/fC; 2 us shaping time
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SDC Linearity

 SDC buffer may improve marginally the ADC DNL performance in

LN, . However, it introduces large variation in INL
* Given that LArASIC output is capable of driving signal directly to
ColdADC SHA, SDC is bypassed when characterizing the ADC

performance
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