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Long History of Noble Liquid Detector R&D at BNL

Advancement of
Cold Electronics

1974
R806

e BNL pioneered Liquid Argon based detector

1980 technology in 1974

i HELIOS o Unique experience in cryogenic electronics and low-
1990 [P noise microelectronics

m DZero o Strong collaboration between Physics and

) Instrumentation Departments at BNL for half a century
2000 NA48/62

Q e R&D — Experiments — R&D

oy ATLAS o Readout electronics has always been an integral part of
2010 < detector R&D effort for precision measurement with noble

S uBooNE CMOS FE liquid detector

S
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Status of Cryogenic Front-end ASICs
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About av decade of development

3 ASICs vs. 1 ASIC solution:
* Initially two readout options were proposed:
*« 3ASICs vs. 1 ASIC
(idea of building 1 ASIC, combining
FE/ADC/transmission brought in 2016 and
included as parallel path of development)
* Evolutionary  development MiCroBooNE—
DUNE led to the 3 ASIC solution that:
* Helped perfect the FE (through multiple
iterations)
» Allowed debugging
calibration)
 Allowed independent optimization of each chip
» Disallowed analog — digital interfaces

(procedure for ADC

Currently in development: CHARMS250
(CHARge aMplifer + Shaper -> 65 nm
cryogenic analog front-end ASIC with 250 ns
shortest peaking time)

CHARMS10 with 10 ns shortest peaking
time also planned for future development




Targets for CHARMS - DUNE [1]

Deep Underground Neutrino

Experiment:

» Major scientific experiment for studying

neutrino/antineutrino oscillations, detect

Ll

16-ch ADC ASIC (x )

neutrinos emerging from exploding stars,

)
COLDADC _ front tnd Mothersourd | |:1:

search for signs of proton decay

» DUNE far detector (FD) located 1.5 km

underground in South Dakota will operate
with an intense neutrino beam generated
at Fermilab

* FD will utilize four 10kTon liquid argon sy
time projection chambers (TPCs) to
detect ionization charge and scintillation
light generated when incident neutrinos
interact with argon atoms

Temperature Detector Shaping Dynamic
Capacitance Time Range

e

FD 3/4 89 K—-300 K 150 pF — 250 ns — 500 e at 10 bits
charge 200 pF 2 us 89 K
readout

FD 3/4 light 89 K-300K TBD 20 ns — TBD 10 bits
readout 250 ns

National Laboratory
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Targets for CHARMS - nEXO [2]

Enriched Xenon Observatory — e s 1

. Charge Tiles 2¢3 SiPMs
Experiment: ;

» Experiment for studying a rare nuclear

decay called neutrinoless double beta

decay
« nEXO will search for neutrinoless double

beta decay in 5000 kg of the xenon-136
isotope (2 x 1028 nuclei), allowing

Charge Tiles Support
SiPMs

SiPM Staves

123.80-mm

ww 0/zZ1L

Field Shaping Rings

Support Rods
and Spacers

Drift length = 118.3 cm

Cathode 480jtiles il_
potential observation of a few decays in
the 10-year experiment span b) (g) _B.le; 2 e
« Combination of ionization charge and N)., e,/t? 1+C,/C,+4C,/C,

scintillation light detected at the anode of TSiPM interposar ! Electronics Daughterboard
the TPC used to reconstruct the kinetic
energy of the electrons from the decay

« Silicon photo-multipliers (SiPMs) used to
convert the generated light signals to
electrical signals

Temperature Detector Shaping Dynamic i
Capacitance Time Range '

x 16=48 per tile

nEXO light 160 K — 300 K 5nF us 0.1 pe at 10 bits ju';::f;ypef o %Rz : HV (pos.) 5
readout 160 K (bump or wire) E i \? 72 HV (pos.) E

One of sixteensets of R1, R2, Cb is shown

L:.\ Brookhaven
NetionsiLshoratony C, is a radiopure 100-500 pF/100 V capatitor




Targets for CHARMS - PIONEER [3]

Conceptual Design - LXeC alorimeter

PIONEER: of PIONEER

* Next generation rare pion decay
experiment proposed at the Paul
Scherrer Institute (PSI)

+ Aims to measure the charged-pion
branching ratio to electrons vs. muons

+ Later phases will also study pion beta ‘ N RO~ 55
decay, aiming at an order of magnitude ; N & Beam \“"" 447 Active Target (LGAD)
improvement in precision : RS

* Front-end peaking time of ~ 20 ns to
allow identification of double hits

e
Readout

HV connection Wirebond

~300um

Readout
Temperature Detector Shaping Dynamic
Capacitance Time Range
PIONEER 160 K-300K 20 pF 20 ns 570 e at 10 bits /
160 K

LGAD strip target (ATAR)

L? Brookhaven
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Targets for CHARMS - FCC-ee [4]

Electron-Positron Future Circular N
Collider: B
* Proposed to be constructed at CERN to el g
serve as a general precision instrument 03m i )
for exploration of nature at the smallest
scales :
»  Optimized to study with high precision the ¢ & o

RF system

Z bosons, W pairs, Higgs bosons and top "
quark pairs

« ALLEGRO (A Lepton colLlider
Experiment with Granular calorimetry
Read-Out), one of the proposed
detectors, features a high granularity
noble liquid electromagnetic calorimeter
(ECAL) at its core

z(m)

ALLEGRO detector layout with
ECAL as the core housed inside the
solenoid

Temperature Detector Shaping Dynamic i ;
Capacitance Time Range e, on f
Allegro 89K/120K — TBD 100 ns — TBD 12 bits S |
300K 200 ns I -
L? NBEoollthhavten' High granularity noble liquid ECAL
ational Laporatory

with PCB based electrodes




Planned specifications for CHARMS250

Technology 65 nm CMOS: 1-poly, 9-metal

Supply voltage 1.8V

Temperature range 77 K- 300 K (optimized for 89 K)

Number of channels 16

Maximum single-ended output swing | 1.4V peak to peak

Gain 4.7 mV/fC, 7.8 mV/fC, 14 mV/fC, 25 mV/fC

Full-scale input charge 300 fC, 180 fC, 100 fC, 56 fC

Baseline selection 200 mV (unipolar, collection mode), 900 mV (bipolar, induction mode)
Adaptive reset current 0.1 nA, 0.5nA, 1nA, 2nA

Peaking time 1250 ns,500ns, 1us,2us |

Output coupling DC, AC

Output drive Shaper, single-ended buffer, differential buffer

Integrated test capacitor 200 fF

Integrated pulse generator 10-bit DAC based

Configuration control I2C based for providing digital assistance (programmable gain, peaking time, baseline, RQl)

e Key features and challenges
o 65 nm CMOS with thick oxide — To limit gate leakage current and parallel noise contribution
o Low power consumption — support detector electrodes with fine segmentations
o Cryogenic operation with long lifetime of electronics — achieve optimum SNR

o Long term goals: fast front-end architecture (~GHz bandwidth) — support signal processing with stringent time resolution

L:.\ Brookhaven

National Laboratory 8




Architecture and functionality

(r N ) 150 -

.. 4 ~
I 100 hgz > H(jw)

f )
} [ Serializer 3
a;' pre-Amp {9"/‘{3&?& < Ape |/l Con:oller é\ 501 o0 p (\
\T CHARMS - Y qé —MS | '|| \ Tp=0.25
\ LAr ) S 042" l , \ p=0.25us
. 6 = 025 ’ — Tp,=05us
3-ASIC solution 2\ B L
=501 ) 5 o 15 20 25 — Tp=2.0us
6-bit DAC and pulser < Global and channel registers Analog monitor 10° 102 10 106
_/_I Frequency [Hz]
> OM .

.‘ , D | Overall channel impulse response of
lofs| Two-stage sh CH15, [ coc | sesene > 0P CHARMS250 (acts as an anti-aliasing
s i |_charge amplifier aper ON,; f'lt )

’ lncer

Peaking Cut-of Sampling | Gain

, ! time (T,) frequency | frequency | change at

: ] b q
A oty H- srrer | o Hh—L-fomoeoc 225, (o) | (F,= 2T,

f— ¥ . 0.25 us 820 KHz 4 MHz -79 dB
Two- CHoO >
s | charge ampifer »| Shaper > Acipc L[ seseoc M SR 0.5 us 411 KHz 2 MHz -71 dB
t 1.0 us 205 KHz 1 MHz -68 dB
Bias module with BGR and temperature sensor 2.0 us 102 KHz 500 KHz -66 dB
Top-level block diagram
k}‘ Brookhaven
National Laboratory 9




Core channel circuits

V harge Ampiifier 2
Vaa - Vag ¢ arge(cxg et 5th Order Semi-Gaussian Shaping Filter ACorDC Output
{hyl];j ™, [;[3 Ya
20 R, Stage 1 Stage 3
C Cm vOl
i o A, 44 M4
{1x} {20x} % {3x, 5x, 9x, 16x} Iz,
I
V, ‘ A, Voutt ™M 11 (I;;fz ﬁgz Vv,
= Mz v, {ix
Iin URQI ‘ y
vlea7| @“1 R 1 vcasn ﬂl/@ "
— - Mn }—4 Mn I n
- Charge Amplifier 1 E”‘} gl '@ °
(CA1) = L L
Amplification Filtering Output

National Laboratory
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Charge amplifier design and transient response

vdd
» Charge amplifiers use current-

Vdd

SE—

Charge Amplifier 2

« A, andA,: 3-stage amplifiers (> 100 dB

mirror based adaptive

{1x}

gain for each, at both room and LAr

continuous reset (lgq, = 100
pA, 500 pA, 1 nAor 2 nA)

temperatures)
« Charge gain provided by CSA, = 20

* Pole-zero cancellation
implemented in each stage

Vil Vot

K Iin :'

AL a
il
- “}Ieaﬂ %1 R1

ol

P Tk
{3x, 5x, 9x, 16x}. 2, | :

Co « Charge gain (programmable) provided

Ve by CSA, =3 or5o0r9or 16

= n5
Charge Amplifier 1 1x
(CA1) L™ T

55.0 I;, (Input current) +

50 Voutr (Amplifier 1 output voltage) it
< 900.0
E E 350.0 —
> 870.0; ;

E 300.0 —
I, (Amplifier 1 output current) =

15.0. £250.0
3 100; 200.0 —
— 5.0' ‘

0.0 150.0 —

0.04 - 1 1T T T 100.0 —
Z-100.0- ¥ (Ampllfler 2 output current) :
320004 | | f ] ‘ 3 | . [L —> 500 prm—
Ta000d| | PRl 20x16 ) re 007/

00 01 02 03 04 05 06 07 08 09 10 0,0, e A
time (ms) 0.0 0.2 0.4 0.6 0.8 1.0
= time (ms)
Brookhaven
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Ref: G. De Geronimo et. al., Front-End ASIC for a GEM based Time Projection Chamber



Shaping filter design

Stage 2 Stage 3 » Peaking time is programmable (0.25 us — 2 ps)
AR AMA * Lower series noise with longer shaping times
R34 R3; « Implemented shaper is a 5t order semi-gaussian
I, «'C-“ filter with complex conjugate poles
Ry 7 Cs, - Semi-gaussian shaper has a faster return to
VW= R;; Ry baseline than a CR-RC" shaping filter
vref2 A4 — VW AW - V. . . . .
+ 7 Vs Cokt V| As s3 + Faster tail lowers contribution of parallel noise
227 rels i,
L « Symmetric rising and falling edges also helpful for
mitigating pile-up of events
EEET RO T AN - Ao, A, A, are two-stage miller compensated
R e ditteréntial amplifiers
sg(a) 0 .
R, (R)) 75 c, 19 . ;/éetﬁhé/,efz, V..r; Selected based on output baseline
R21, Ra1, Ra 18 C, (C24) 5.9
Rs; 60 C, (Cay) 1.39 0.8
Ras 36 C, (C22) 55 o
Roz 39 Cu (Cx2) 1.13

0.4

0.3

Vs1(s) = —I(s)

AMPLITUDE

0.2r

1
(1 + SClRl)
1 O(;I o
R21R41C51C of

Vo (s) = =Ve1(s) - il 41021 131

1
st+s + + +
R21621 R31631 R41C21) R31R41621C31

[0 Y. N TR Y O Y S N SN TN NN WS T Y N S S B B )

5
TIME (1/715)

Fig. 3. Impulse responses of the Gaussian filters.

Ref: S. Ohkawa, M. Yoshizawa, K. Husimi, 12
Direct synthesis of the Gaussian filter for nuclear pulse amplifiers.

L:.\ Brookhaven S
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lin : Input current

I1:
Iz:

27.5

1(uA)

a§

1 (uA)

0755

I (uA)

EELE

vV (mV)

2??63:2

V (V)

456-

V (mV)

108.0-

(CA1) |

27.5+
I 3 i I = 120.0—E
e ] = ]
6237 _ = s
1 z ] i\ | 13949
3 ] 1 < ]
" 0743 2 g
Iz z V I, _ %,
2 ] < k
- E g 3 E
8894 o EETITE
Vsq 3 g ~ V., - ?f‘zﬁ—z
SETE I\ S ]
¥ (R 0,595
3 > il =
_ # ity o 8993 p—— 0483
1 ~200mv //&‘ Vss3 = ] > e s ]
- E - )(,/ L Vs3 = ]
057 L0 B A R 7 P PO O L. LR L L. ) P R PR R P ) (A AR R LN IR PRI PR SR > 15 mv N —— > ]
0.5 d . " 25 3.0 3.5 1064—|]]]]] 0.329 -

e (us) 0.0 2.0 4.0 6.0 8.0 10.
time (us)

©

Analog chain simu

lated impulse response at LArT

vdd

M,
{1}

dd

%ﬁg "

cf1 Em 1

Vdd

. vV
L
e 'vleaﬂ %ni‘

ix} {20%)
A1 vauﬁ M 2
IRQ’
1

Charge Amplif}er 1

Voutz é .
{3x, 5x, 9x, 16x}

I,l gﬁ

Charge Amplifier 2
(CA2)
Vdd

R,

5th Order Semi-Gaussian Shaping Filter

[

g,

Stage 2

Stage 3

Programmable gain
(4.7 mV/fC, 7.8 mV/fC,
14 mV/fC, 25 mV/fC)

Brookhaven

National Laboratory

Programmable peaking
time (0.25 ps, 0.5 us,
1.0 ps, 2.0 ps)

Vs1: Shaper stage 1 output voltage

. Vsz2: Shaper stage 2 output voltage
% } Vg3: Shaper stage 3 output voltage

A 2
Q‘“ Vsq
;.//
KNVSZ
~ 900 mV i Vs3
"""" 10 20 30 a0 50
time (us)

Non-collecting mode
(Bipolar charges with
magnitude 25 fC, 50 fC,
75 fC, 100 fC) 13



Analog chain simulated response to SiPM output

71.5

g j I, (Input current)
2 & i " V... (Amplifier 1 output voltage)
>
S Tl
) o _ \x
= ) o < |'\ g
Broadcom $x6 mm- = 2 '\ I, (Amplifier 1 output current)
model # AHBR-S4N66P04M 8 F
E f\ Vs1 (Shaper stage 1 output voltage)
= direct 1-photoelectron puls¢ shape g > " e e S R N PR S :
B a : i
= at 3V overyoltage (@] = X
\% k o E 7 /)( \*\7 : el .,‘{53, (7SVI-1aperstage 3 output voltage)
Tﬁ 1 I' 171'70.‘6”""”210"”"'”4.'0"'”"'éio""'""sfo'”"'”io'.o
S‘IJ time (us)
7
RT 106.2—:
g o g 1 kK I,, (Input current)
L1\3 3 - L N et ———
© 83%4- R R AR
o). W o § ] V,.t1 (Amplifier 1 output voltage)
0 — “f‘\v\nﬁﬁ" s e %ﬁw E 3
l 1 1 1 1 1 1 ] ] 1 1 I 1 1 1 1 1 w Q;Z%g_:
i 1 2 3 4 e & “_ I, (Amplifier 1 output current)
time (us) uoo e Eh - -
fo. = ]
Courtesy: Thomas Tsang, Instrumentation Department, © § 1/ VS1 (Shaper stagq 1 otput voltage)
Brookhaven National Laboratory S 29537 e —
g z : o ~~_Vs3 (Shaper stage 3 output voltage)
- > e )4 : S ———
0 5B s o
0.0 20 4.0 6.0 8.0 10.0 14

time (us)




Simulated response for full-charge range and linearity

Shaping filter output (V,;) for input charges up T,=0.25ps T,=1.0 ps
to 300 fC for different peaking times e Simulated 141 s Smulated
1.7 3 — 121 — Linearfit — 1.2 1 — Linearfit
oo oo
% 1.0 1 % 1.0 1
2 081 2 0.8
Q Q
£ 0.6 £ 0.6
3 04 2 0.4
8 0.2 1 T Rl P T 8 0.2
INL = 0.042 % [11.2 bits]
0.0 0.0 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Input charge [fC] Input charge [fC]
T,=0.5ps T,=2.0ps
1.4 ® Simulated 1.41 ® Simulated
E 1.2 { — Linearfit = 1.2 1 — Linear fit
% 1.0 g 10
% 0.6 1 g 0.6
2 041 3 041
5 =
=L s s+ e S SR e 3 02 T BBl P @
001 @ : — INL = 0.006 % [13.9 bits]
0 50 100 150 200 250 300 0 50 100 150 200 250 300

¢ Brookhaven inpit:cargetic] Input charge [f]
National Laboratory 15




Noise minimization strategy

2 1 : : : . . .

ENC? = (C, + C. A v2— 4+ A-K- |+ A i%T (Sum of white series noise, 1/f series noise and parallel noise

( d m) wen T, I pnep components)
C, +C,)*
2 ( d g o
EN Cf - Kf C Nf = Cg = Cq | . Input stage transistor sized to have C, ~

g nput transistor . . .

implemented with 40 pF, optimal choice for minimizing

, (Cq +C4)* 1 30 copies of noise with Cye ~ 150 pF with given

ENCy, = 4kgTnya,, C Nf = Cg = § Ca transistors of power budget
gm( g) width of 20 pm

and 40 fingers

* Input stage transistors for A,

Minimum Input Input transistor W e T . . . .
allowable transistor width T T Reneneee— implemented using thick oxide (2.5 V)
transistor length devices in 65 nm for CHARMS to limit
length leakage current and associated
180 nm 180 nm 270 nm 20 mm parallel noise
(LArASIC) g « Thin oxide device of the same
65 nm 280 nm 400 nm 24 mm E dimensions has a gate leakage current
(CHARMS250) of ~ 20 nA, contributing almost 200
HHHHE electrons to the ENC for 1 us peaking
e time and triangular weighting
””” function!
v
k}‘ Brookhaven | - ~ 219pm
National Laboratary Ref: [1] Angelo Rivetti, Front-End Electronics for Radiation Sensors 16

[2] Veljko Radeka, Signal Processing for Particle Detectors




Noise (simulated) with C, = 160 pF

Room temperature

11001 @
1000 - k
900

800 A

ENC (e-)

700 -

600 -

500 -

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

......

e -
.........
------

lag:=100 pA
lag: =500 pA
lagir=1nA
lagr=2 nA

L)
------
.........

Ref: Veljko Radeka,
Signal Processing for
Particle Detectors

L:.\ Brookhaven
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NG [rms electrons]

Peaking Time [us]

075 100 125 150 175 200

N
\\
N
N

L White /;\

104 | series AN e

r/,
7 White

parallel

fparallel +
NG Mseries

Liquid argon temperature

325
".' l‘lO-’= 100 pA
300 | .... lqo;= 500 pA
N T lqo,-= 1nA
275 -
@ hoar=2nA
E 250 &
.
& 225 - :
-.::..',..". ...............................
— -::;:‘ .......................... .
ns | i e
-.'_... .'I'--..‘, _.
150 ?

025 050 075 100 125 150 175 200
Peaking Time [us]

60-75% noise contribution is from the input transistor
(thermal noise contribution dominates, flicker noise
contribution is less than 5 %)

Increased parallel noise contribution for longer peaking
times and higher values of Igq,

For larger values of IRQI, parallel noise contribution from
IRQI is ~20 %

Noise characterization needs to be done at liquid argon

temperature 17



CHARMS250 status

Transistor test structures with
dimensions of the input transistor
fabricated for characterization at
Analog front-end layout

room and cryogenic temperatures
Shaper

Charge amplifier 2
stage 1

Shaper stage 3

Shaper stage 2

Charge
amplifier 1

A

Prototype CHARMS250 chip to be submitted for fabrication

Thick-oxide NMOS Thick-oxide PMOS
(L =400 nm, W =24 mm)(L =400 nm, W = 24 mm)

18
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Plan for CHARMS10 (10 ns =T

Charge Amplifier 2
(CA2)

Y,
My M, [;I’l:s o
{1x} {20}
R,
Voutz Mp4
{3x, 5x, 9x, 16x}

5th Order Semi-Gaussian Shaping Filter

?ﬂ . (I:Imz

Stage 1

vref1

el

Ver

Stage 2

Stage 3

Y | Voutt | H c— V4
A M z
el 1[Mn2 vV, {ix}
Vleaﬂ %1 Ry Veasn % né

Charge Amplifier 1 Mf [T ?
arge Amplirier %
(CA1) B L

« Limited bandwidth of A; and A, disallows shaping

times < 250 ns

« Currently, amplifiers A; and A, implemented as 3-stage

amplifiers

 Difficult to achieve higher bandwidth without sacrificing

stability

«  CHARMS10 will incorporate current increase and

topology modification for A, and A,

L",\ Brookhaven

National Laboratory

o = 250 ns)

Transient response for variable input charge (50 fC —
300 fC) with A,, A,, A; modeled as ideal VCVS

55.0
< ]
% 3 I Im
A17'3:93:
: L 2
1638 ’
< ] ? I
9 _
> ] j

[3 ]

> f&\__ ol Va1
3743

E g st
s34

> 1

E 3 A vs3
> ]
346'9_"'I‘'"""‘I"'"""I'"'""'l‘""""I""""’I""""'I"""‘

0.9 0.95 1.0 1.05 1.1 1.15 1.2
time (us)

19



Thank You

©

Brookhaven

National Laboratory

20




Backup Slides




Charge amplifier design

Vg Vo v Charge Amplifier 2 A, schematic diagram
T 1 # (CA2)
V,
My, | M, IEV'; o
{1x} {20}
R;
Cr 2
—| s
{1x} P {3x, 5x, 9x, 16x} 121
vx ’A vout1 EI’,_EZ 'Vz
T 1
Iin URQI ‘ 4‘|
‘/Ieaﬂ |jM.n1 R1 vcasn /@nﬁ
pe— - Mn3 l | M | ns
~  Charge Amplifier 1 E“l"} M. o
(CA1) = . L

» Charge amplifiers use current-mirror based adaptive
continuous reset (Igq; = 100 pA, 500 pA, 1 nAor 2 nA)

. . . Vibias1 - E:L . E Vibiass]
« Pole-zero cancellation implemented in each stage 1 1 i
« Charge gain provided by CSA, = 20 e

. ghar?g gain (programmable) provided by CSA, =3 or 5 or
or

A, schematic diagram

« A, andA,: 3-stage amplifiers (> 100 dB gain for each, at
both room and LAr temperatures)

L",‘ Brookhaven
Henenslabomiony Ref: G. De Geronimo et. al., Front-End ASIC for a GEM based Time Projection Chamber




Programmable 5-bit RQl subtraction implemented in
CHARMS250

CH;s !"’L’ !T!
Ly oA A Shaper,|
1 2 buffers ]
‘:T—{ Mn1 ﬁ Mn:!-sub
L
L % m— AN
CH, ‘£|@ ‘ﬁrﬂ
;| A CcA Shaper, |
. 1 2 buffers ]
4T—{ MM ﬁ Mn3-sub
.
S — ta— A\ A
CH Ve Ve
Iy CA CA Shaper,i:
1 : T ‘ 2 buffers ]
4T—{ Mni o i ﬁ Moz.sun
i T
so_”%‘isr_”%i. .. 5’19_{ (1%

W Current DAC

. Global bias block

National Laboratory

L? Brookhaven

Response with different values of Irq

700.0 3 650.0
650.0 600.0 -
600.0 550.0
550.0 4 500.0
500.0 5 N I bt t 450.0
500 0 Irq, Subtraction S o
E 4000 >
> 350.0
350.0 3 | \
300.0 Vs3 30007 :“: Vss3
200.0 4 200 / .
150.0 3 B T
A Y Y e ™ P RR” PR o TR T TTee T e a0 180180
time (us) time (us)
Baseline drift reduced
* Programmable Iz, subtraction provides immunity against process
mismatches and layout induced non-ideality
*  For M,; and M, 5., operating in deep-subthreshold (/zq, oc eVes-Vih(amkT)),
variance in at LNT almost 10x higher than at RT

Previously, with fixed /zq, subtraction, even few-millivolts of V difference at
M., and M,5_,, due to IR drop in ground rail was seen to cause subtraction
to become > 20x and make the second stage reset mechanism non-
operational

23
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Output buffer design — single ended (SE) buffer

M, | Ve

dd

—IT [100pA 1004A

dd

100 LA

Brookhaven

National Laboratory

3001A Vg

V,,,,,q Mp4
Voot
p:

100A  50UA

50UA 100 UA

Based on a folded-cascode current-mirror based
operational transconductance amplifier

Comprises of parallel NMOS and PMOS input pairs
to support rail-to-rail operation

Monticelli class-AB output stage used

High open-loop DC gain (> 110 dB at LArT) ensures
minimal introduction of distortions in the output
signal

Suitable to drive tens of pF of capacitance load
(chip-to-chip trace)
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Output buffer design — single ended (SEDC) buffer

Main loop
@  Simpler, more compact and
‘; e power-efficient compared to V. Vir |7 Vop
e resistor or 3-operational _ v
v | amplifier based SEDC Vi —Von
Var "V designs i

« Circuit implementation
similar to SE buffer, but core
is fully-differential (inputs and

- JT: " N - OUtpUts) \/\'/?\;\/ ch_15 TF '_vop15
* Noise transferred from c,t Vsh315j+>' Von1s
common-mode input signal il
(V.m) to the output with 6 dB = .
gain
* Global and local noise Per-channel
filtering implemented for V, filtering
« Both common-mode and Ro R Vem 1 5o—Vopr
. . : V, — MN—¢ *
differential paths have high = c, T M”Ql Vans_1 —+ >=—Vons
open loop DC voltage gains
(> 110 dB) and comparable = =
bandwidths ( ~100 MHz) at
LArT \/5\}\/ i vcm_O T3 '_vapo
vs X + - Von
* Helps with crosstalk G " ’
cancellation L
CMFB loop
L? Brookhaven
National Laboratory 25




Status of LArASIC

LArASIC MPW met all the DUNE requirements — fabricated ~1800 P5 and 1800 P5B (180 nm) chips (eng. run) for ProtoDUNE I

LArAsIC Temp. Tested Good # Yield T —— i A

Chips Chips# (All channels D —— U ——— 3

are normal ;E={ 208 i = ree H §

P5 RT 49 49 100 % o T s E '

P5B RT 1642 1635+ ~99.57 % 3 % it e 2 |

P5B LNT 317 317 100 % E o a— § 5

: : =3 23

P5B has improved input ESD *Only 1 out of 16 channels in each | TSI T — = L
protection compared to P5 of the two chips are non-functional

>1 year ago, now more statistics is available

LArASIC performance with differential interface

2 = ' ::;ﬂ

COLDATA . o
secondary

8” wafer with 610
LArASICs P5 and
P5A(B) w. increased
ESD protection

| 128 CHs FROM Anode planes (APA or CRP) |

24 FEMBs arrived at CERN for

. . LAvASIC P5/P5B
ProtoDUNE-II installation
~ Brookhaven 250 wafers LArASIC production run for
L' National Laboratory DUNE 75k P5 and 75k P5B chips




LArASIC measurement results [1]

7m cold cable
Precise DC source
FmcsiT] ] FM
Coersor (IS
Pulse Generator
WIB wie_cs' nr -
\TCK ST AM
: W2 A swi
6-bit : H
DAC % CSA SHAPER
Puse S| Cal
L Generator INO — ouTo
: x15
L aaTd
INDINTS === ey Cosiomono o == OUT1-15

FE-ASIC

Measurement setup

Test pulse charge inputs with programmable amplitudes provided either by on-chip 6-bit DAC or

external source

Output amplitude [V]

1.4 A

1.2 4

1.0

0.8

0.6 1

0.4

0.2 1

0.0

-0.2 1

\_

Gain [mV/fC]
25 Collecting J —— T,=1.0 us
14 mode N — 71,=2.0ps

— T,=05us

— Tp,=3.0us
— Tp,=1.0pus

20 30 40 50
Time [us]

Oscilloscope outputs at 77 K

)

On-chip MiM capacitor calibrated to be 186 fF with less than 1% channel-to-channel dispersion at &

RT and LNT included in test input path

Application of variable-amplitude voltage pulse injects known charge into the channel

Full-scale range of DAC programmable based on gain setting
Very small deviations seen between RT and LNT in the measured peaking time and channel

gain (< 2%)

National Laboratory

L:.\ Brookhaven

Output amplitude [V]

Output amplitude [V]

14 300K — Tp,=05us
: To=1.0pus
12 et P ERI3PS| — Tp=2.0ps
i . — Tp=3.0us
1.0 1IN
41183ys
0.8 i \ \
| ks
0.6 f é_f.:o 93 p§s
Y5 HAR
04 : f i
4 / j’o 9“5
0.2 iy
0.0 ;
6 8 10 12 14 16
Time [us]
14 77K — T,=05pus
— Tp=1.0us
1.2 11,2934 T,=2.0pus
/T\\ — Tp=3.0us
1.0 f |RAN
[1141198 js
0.8 / L \
f““ 1 &)‘JS \ \
0.6 / - .‘ \
0.4 | ‘\\
J ;.0.53 S N
0.2
0.0
0 6 8 10 12 14 16

Time [us]

Measured peaking times



LArASIC measurement results [2]

140004 ° Measured INL = 0.1%
Linear fit
» 12000
210000

ADC output
[e)]
o
o
o

Deviation from linear fit
40
0
20
10
0

Error [bits)

-10
=20
-30

[ 20 40 100

40 60
Input charge [fC]

0 20

40 60 80
Input charge [fC]

High linearity

0.03| 0.03| 0.03| 0.03| 0.03| 0.03| 0.02 0.0ZEI 0.02

0.03| 0.03| 0.03| 0.03 0.03‘ 0.03 0.03‘ 0.03| 0.03| 0.02
1 0.03| 0.03| 0.03| 0.03 0‘03" 0.03 0,03. 0.03 0,03I 0.02
0.03| 0.03| 0.03| 0.03 0‘03" 0.02 0,03' 0.03 0,03I 0.02

0.03| 0.03| 0.03| 0.03| 0.03| 0.02| 0.02| 0.03| 0.03| 0.03
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0.03| 0.03| 0.03 0.08| 0.03
0.08| 0.03| 0.03
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0.03| 0.03| 0.03| 0.03 0.03‘ 0.03| 0.03| 0.03 0.03
0.03| 0.03| 0.03| 0.03 0.03‘ 0.03 0,03‘ 0.03
0.03| 0.03| 0.03| 0.02 0‘03" 0.03 ’
0.14| 0.03| 0.03| 0.03 0‘03' 0.03| 0.03 0.03
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0.01 0.07
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Aggresor Channel #
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0.03| 0.03| 0.03| 0.02
0.03| 0.03| 0.03| 0.03| 0.03
0.03| 0.03| 0.03| 0.03| 0.03| 0.03
0.03‘ 0.03| 0.03| 0.03| 0.03| 0.03
0.03‘ 0.03| 0.03| 0.03| 0.03| 0.02
0.03' 0.03| 0.03| 0.03| 0.03| 0.03

0.03| 0.03| 0.03| 0.03| 0.03| 0.03

0.03| 0.03

0.08| 0.03
0.03| 0.03| 0.03| 0.03| 0.03| 0.03

0.02| 0.03| 0.03| 0.02

234567 8910112131415

0.06

1

0.03| 0.03| 0.03| 0.03| 0.03| 0.03| 0.03
0.02| 0.03| 0.03| 0.03| 0.03| 0.03| 0.03

0

0.03| 0.03| 0.03| 0.03| 0.03| 0.03
0.03| 0.03| 0.03| 0.03| 0.03| 0.03
0.03| 0.03| 0.03| 0.03| 0.03| 0.03

0.03| 0.03| 0.03| 0.02| 0.03| 0.03

0 1 2 3 4 5 6 7 8 9
Victim Channel #

k:.‘ Brookhaven LOW cros

National Laboratory (mea n: 0.

10 11 12 13 14 15

stalk
04%)

2.0%
1.8%
1.6%
1.4%
1.2%
r1.0%
r0.8%
r0.6%
F0.4%
r0.2%

=0

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

(a)

140U
Ca=0pF —e— 300K
1000 -
Y 800
O
Z 600{ 502 477 487 519
[ o ® . ]
400 -
220 215 214 222
2001 © e 4 g .
01— ; ; ; ; ;
0.5 1.0 1.5 2.0 2.5 3.0
Peaking Time [us]
1400 C, =150 pF
1193 300 K
1200 - — 77K
1000 - 930
& 800- P g
O 605
= : 4
o 600 33 480 463
400 -
200
01— ; ; ; ; ;
0.5 1.0 1.5 2.0 2.5 3.0

Peaking Time [us]

Low noise

Temperature || Baseline || Power consumption (mW)
Buffers SE on | SEDC
off on

300K 200mV || 5.6 9.0 10.7

77K 200mV || 5.3 8.8 10.8

300K 900mV || 5.8 9.5 10.6

77K 900mV || 5.5 9.1 10.5

Power
consumption
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