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Introduction

•
Com

m
ercial ADCs used in ultrasonic transducers (Texas 

Instrum
ents) are being used for digitization in the SiPM

-
based m

u2e cosm
ic ray veto scintillator.


•
Low

 noise, high gain, high dynam
ic range.


•
80 M

egasam
ples per second, 12 bit


•
Low

 cost ($50/channel) and capable of handling the 
envisioned DUNE M

PPC (SiPM
) w

arm
-side PD signals.
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•
W

arm
-side FEB


•
64 channels of 80 M

S/s, 12 bit ADCs


•
Bias generator (for SiPM

s; 80 V m
ax)


•
Current m

easurem
ent (100pA resolution) for IV curves of SiPM

s


•
Pow

er-over-ethernet pow
er (600 m

A) for entire board’s pow
er. O

ne Cat6-cable for data and 
pow

er.


•
1 G

B DRAM
 data buffer, divided in 4 places (256 M

B each) on the board, corresponding to the 
4 FPG

As


•
Parallel flash RO

M
 for fast FPG

A re-load (50 m
s)


•
Low

 cost, high bandw
idth HDM

I used to connect to cold-side


•
Readout controller


•
24 FEB link ports. Supplies tim

ing, trigger, and pow
er to FEBs 


•
Can produce (e.g. TPC) triggers and also accept external (e.g. accelerator) triggers

W
arm

-side electronics elem
ents

Adapted from
 Sten H

ansen
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Com
m

ercial ultrasound ADC

!6
8

The core of the readout is a com
m

ercial ultrasound chip:

Eight channels of: low
 noise pream

p, variable gain am
p,

program
m

able gain am
p, program

m
able low

 pass filter,
80m

sps 12 bit ADC. $8 per channel, 120m
W

 per channel.
Adjust gain such that 1p.e. = 10 ADC counts.

Adapted from
 Sten H

ansen

Eight channels of: low
 noise pream

p, variable gain am
p, 

program
m

able gain am
p, program

m
able low

 pass filter, 80 M
S/s, 12 bit AD

C
,  

$8 per channel, 120 m
W

 per channel. C
an adjust gain so that 1pe=10 AD

C
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Joel M
ousseau

Front End Board and Controller

•
Triggering, pow

er and data handling across boards is handled across all FEB
s through a 

controller, 24 FEB
s per controller. 

•
C

ontroller connects to D
A

Q
 server over ethernet or optical.  

•
Plan to have a controller for D

U
N

E use in the Spring. 

!5

C
ontroller

FEB

Controller w
/ one FEB
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Controller w
/ tw

o FEBs
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Readout Controller Block Diagram

C
ourtesy of Sten H

ansen
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DAQ
 concept

•
12 FEBs referenced to a single chassis, each FEB com

m
unicates 

over copper to a m
aster controller (DC isolated on both sides).


•
Each controller can take digital inputs from

 24 FEBs (64 channels 
each->1536 channels, or in the case of 40 channels each->960 
channels).


•
Controller provides pow

er (48 V supply) to FEBs.


•
Controller connects to a DAQ

 PC either over fiber optic or ethernet 
(copper).  


•
Pulses (tim

estam
p and pulse height) are sent from

 FEBs to 
controller. Controller issues global trigger to FEBs.
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Can the FEB w
ork w

ith the 
active sum

m
ing board?

(yes)

!13



Joel M
ousseau

MPPC Tests

•
R

an these tests in cold L N
2, as w

ell as a cyro cooler in G
ustavo’s lab.

!8

  
SiPM

 Pow
er  

Supply
O

pAm
p  

Pow
er Supply

Laptop for D
AQ

Bench-top tests

(in cold) 
Bias for op-am

p and M
PPC

s provided  
by external D

C
 pow

er supply 

O
p-am

p output is differentiated, 
w

hile the FEB has a single-ended op-am
p. 

N
eed to “undifferentiate” signal w

ith balun
!14



72 M
PPC array test

!15

each of 12 row
s has 6 of 6m

m
2 M

PPC
s in parallel 

total capacitance of 7.8 nF per row

M
PPC

=H
am

am
atsu S13360-6050VE



Successfully dem
onstrated  

single photon resolution!

Joel M
ousseau

Com
parisons to SSPs

•
C

om
parable resolution m

easured as peak to w
idth ratio. 

!10

M
u2e FEB

 
S/N

 = 4

SSP, S/N
 = 5 

 courtesy of  
G

ustavo and D
ante

C
om

parable resolution m
easured as peak-to-w

idth ratio
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�4

m
ean signal

1 tick = 12.55 ns

•
R

ise tim
e: 125 ns 

•
Fall tim

e: 350 ns 
•

R
ecovery tim

e: O
(2us) —

 w
hat’s show

n on the right is as w
ide a w

indow
 

as the FEB allow
s 

Average w
aveform

s

!17



Zero-suppression
•

Zero suppression: Tim
e tick is saved to the board’s RAM

 if 
the tick is above a pre-set pedestal value.


•
m

u2e and SBND w
ill use the FEB+controller to take zero-

suppressed data.


•
FEB+controller zero suppression interface w

ork is 
ongoing.


•
W

ork tow
ards fully understanding the zero-suppression 

(suppression factor) requirem
ents is ongoing. 


•
Dependent on readout w

indow
 and overall trigger rate.

!18



Bandw
idth and rates

•
Bottleneck is 10M

B/s FEB to controller rate (per FEB).


•
Currently considering 40 readout channels per board.


•
80 M

Hz, 12 bit ADC; 5.5 us w
aveform

s=5.3 kbit/w
aveform




•
Consistent w

ith longest w
aveform

s (including late-light) expected


•
DC rate: 250 Hz/channel; 53 M

bps/APA (1 APA=40 channels)


•
6.6 M

B/s FEB to controller DC rate (com
pare to 10 M

B/s FEB-controller bottleneck)


•
Can develop m

ulti-channel coincidence+threshold requirem
ent at the FEB firm

w
are level to 

m
itigate (study ongoing).


•
DAQ

 interface spec: 8G
bps per connection. DAQ

 takes 24 FEB signals (10 M
bps each)=240 

M
bps. O

k!


•
M

axim
um

 instantaneous rate: 6000 channels fire at once


•
32 M

bits (4 M
B) at once.


•
The controller can handle all 24 boards firing at once. W

rite speed for 24 boards is 150 M
B/s 

and could likely be increased to 400 M
B/s w

ith som
e w

ork (according to Sten Hansen).
!19



Firm
w

are developm
ent

!20

Program
m

ing Firm
w

are For SB
N

D
 Light B

ar R
eadout 

SB
N

D
 Light B

ar M
eeting, 10/22/2018

Status Update

!2

The goal of this project is to have a fully 
functioning system

 to (1) pipe data from
 the  

ultrasound chips to the FEB
 and (2) deliver 

data to the D
AQ

 properly spaced intervals  
in tim

e.

I now
 have a fully functioning system

 to 
perform

 these tasks w
ith a desktop  

com
puter on the 14th floor of Ferm

ilab.

This m
achine is equipped w

ith: 
Xilinx ISE 14.7 

M
odelSim

 PE 10.2c

Program
m

ing Firm
w

are For SBN
D

 Light Bar R
eadout 

SBN
D

 Light Bar M
eeting, 10/22/2018

Synthesis

!5 ISEFP
G

A
 D

e
sig

n
 Flo

w
 O

ve
rvie

w

The IS
E®

 design flow
 com

prises the follow
ing steps: design entry, design synthesis, design

im
plem

entation, and X
ilinx®

 device program
m

ing. D
esign verification, w

hich includes both functional
verification and tim

ing verification, takes places at different points during the design flow
. This section

describes w
hat to do during each step. For additional details on each design step, click on a link below

 the
follow

ing figure.

 D
esign Entry

 D
esign S

ynthesis and Verification
 D

esign Im
plem

entation and Verification
 D

evice Program
m

ing
 In-C

ircuit Verification

D
e
sig

n
 E

n
try

C
reate an IS

E project as follow
s:

1. 
 C

reate a project. 
2. 

 C
reate files and add them

 to your project, including a user constraints (U
C
F) file. 

3. 
 A

dd any existing files to your project. 
4. 

 A
ssign constraints such as tim

ing constraints, pin assignm
ents, and area constraints. 

Fu
n

ctio
n

a
l V

e
rifica

tio
n

You can verify the functionality of your design at different points in the design flow
 as follow

s:

 B
efore synthesis, run behavioral sim

ulation (also know
n as R

TL sim
ulation). 

 A
fter Translate, run functional sim

ulation (also know
n as gate-level sim

ulation), using the S
IM

PR
IM

library. 
 A

fter device program
m

ing, run in-circuit verification. 

Synthesis, the first step, checks the syntax 
of the underlying algorithm

 and ensures 
that the design is w

ritten m
ost effi

ciently  
for a Spartan 6 FPG

A.

You can run a behavioral sim
ulation, one 

that is run w
ithout tim

ing inform
ation,  

before running synthesis.

Source: “FPG
A D

esign Flow
 O

verview
”, Xilinx W

ebsite. 

Program
m

ing Firm
w

are For SBN
D

 Light Bar R
eadout 

SBN
D

 Light Bar M
eeting, 10/22/2018

W
hat These Program

s D
o

!3

Xilinx ISE: This is a design environm
ent used to design firm

w
are w

ritten in VH
D

L for use 
in Field-Program

m
able G

ate Arrays (FPG
As).  The ISE (“Integrated Synthesis 

Environm
ent”) version, 14.7, is the last available version that w

orks w
ith  

a Spartan 6 FPG
A. 

M
odelSim

: This is a sim
ulation environm

ent for VH
D

L and other hardw
are description 

languages, distributed by M
entor G

raphics.  The version, 10.2c, is the version that w
orks 

w
ith the M

odelSim
 license at Ferm

ilab.



Structure of the Firm
w

are

!6

The firm
w

are is w
ritten in VH

D
L, called “Very H

igh Speed Integrated 
C

ircuit H
ardw

are D
escription Language”. 

The firm
w

are is separated into three com
ponents: 

1.
M

ain Firm
w

are File (extension “vhd”): contains the logic for piping 
data into the FEB and out to the controller. 

2.
Test Bench (extension “tb”): contains the tim

ing structure for each of 
the signals that the logic in #1 handles. 

3.
C

onstraints File (extension “ucf”): contains the associations betw
een 

the ports on the FEB and the signals w
ithin #1. 

4.
Project D

efinitions File (extension “vhd”): defines iterators and 
constants that are used w

ithin #1.

The rem
ainder of the firm

w
are consists of the functional m

odels of com
ponents that are 

called w
ithin #1. 

This firm
w

are w
as designed for m

u2e, so w
e are adapting it to read out the SBN

D
  

light bars.
Initially w

ritten for m
u2e->adapting it for D

U
N

E 
(ongoing w

ork)
!21



Pow
er considerations

•
In addition to digitizing the SiPM

 signals, the FEB is nom
inally designed to bias 

the SiPM
S.


•
Can the pow

er be used for the active sum
m

ing board as w
ell?


•
No, it does not provide a stable enough voltage. The on-board Cockroft-
W

alton should not be used to bias the differential am
plifier of the sum

m
ing 

board.


•
How

 to handle this? 


•
Redesign on-FEB pow

er supply? 


•
Include another cable/w

ire in design?


•
W

e are w
orking to address this.

!22



Rack space and pow
er 

consum
ptions

•
6000 channels total; assum

e 40 channels/FEB


•
12 FEB/chassis, 13 chassis (6u each) required for FEBs.


•
7 controllers (controlling 24 FEB each), 1 u each.


•
~85u required. Assum

ing 42u/rack, w
e w

ill need just over 2 
racks. 


•
Pow

er supply on a controller is 700 W
, each FEB takes 20 W

.

!23



G
rounding schem

e

!24
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O
ther option (optical from

 
controller to DAQ

)
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Alternative front-end (SSP)

C
om

m
ercial U

ltrasound A
D

C
s for the D

igitization 
of Silicon Photom

ultiplier Signals for the SB
N

D
 E

xperim
ent

Joel M
ousseau

U
niversity of M

ichigan

IN
TR

O
D

U
C

TIO
N

•
Silicon(Photom

ultipliers((SiPM
s)(have(

m
any(benefits(over(traditional(PM

TS:
•
Low

(pow
er(required.

•
Less(expensive(per(unit(area

•
Ability(to(scale(to(alm

ost(any(size.
•
H
ow
ever,(challenges(exist(in(signal(

digitization:
•
Longish((several(100(ns)(recovery(
tim
e.

•
H
igh(dark(noise(rate((~10(kH

z).(

SB
N

D
 LIG

H
T C

O
LLEC

TIO
N

•
Light(collection(essential(in(lar(
TPC

s(for(t0 m
atching

and(
cosm

ic(BG
(m
itigation.(

•
TPB(coated(light(bars(used(to(
detect(U

V(scintillation(light(in(
argon(and(convert(to(visible(
spectrum

((left).
•
Light(from

(
each(bar(
detected(by(
12(6(m

m
2(

SiPM
s

m
ounted(on((

a(PC
B((

(pictured(left).
•
Light(bars(
com

plim
ent(

traditional(
PM
Ts.

SiPM
SIG

N
A

LS

Signal Peak, 
proportional 
to deposited 
charge

Fall tim
e 

proportional 
to RC

 of SiPM

•
Signal(digitization(requirem

ents:
•
H
igh(gain(to(detect(μV

level(signals.
•
G
ood(dynam

ic(range(to(detect(single(
PE(events.

•
Fast(sam

pling(rate(not(really(
necessary(due(to(long(signal(fallU
tim
e.(

•
Strict(digitization(requirem

ents(tend(to(drive(a(
highUcost(readout.(

U
LTR

A
SO

U
N

D
 A

D
C

S

•
Analog(to(digital(converters((AD

C
s)(used(in(

ultrasound(transducers(have(been(
investigated(as(a(digitization(solution(by(
M
u2e.

•
Low

(noise,(high(gain(w
ith(high(dynam

ic(
range.

•
C
hips(m

anufactured(by(Texas(Instrum
ents,(

m
ounted(on(a(M

u2e(preUproduction(FEB(
w
hich(reads(out(64(channels.

C
ircled: U

ltrasound AD
C

 chips

SIPM
 G

A
N

G
IN

G

•
To(reduce(readout(costs,(one(can(reduce(
the(num

ber(of(channels(and(m
aintain(the(

sam
e(active(area(by(ganging(SiPM

s
together.(

•
C
an(gang(in(parallel((top)(or(series(
(bottom

).(

D
1

D
2

D
3

V
bias

D1

D3

R1

R2

R3

D2

V
bias

SiPM
C

H
A

R
A

C
TER

IZATIO
N

•
W
ith(M

u2e(boards(and(different(ganging(
configurations,(attem

pt(to(characterize(the(
single(PE(resolution(w

ith(an(LED
.

•
M
easured(single(PE(resolution(w

ith(different(
cable(lengths(w

ith(SiPM
s
sitting(in(cold(N

2
vapor.(

•
C
utting(at(6(to(10(AD

C
(counts(ensures(

reasonable(single(PE(resolution.
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e
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D
C

3 SiPM
s

ganged in parallel, 0 extra 
m

eters of cable.

3 SiPM
s

ganged in series, 50 extra 
m

eters of cable.

O
TH

ER
 M

ETH
O

D
S

•
Argonne(SSPs((pictured(above),(higher(
cost(w

ith(significantly(m
ore(utility.(

•
H
igher(sam

pling(rate,(m
ore(onboard(

utilities(for(online(signal(characterization.(
•
R
esolution(a(bit(better(w

ith(online(peak(
fitting,(looking(to(replicate(this(m

ethod(
offline(w

ith(SBN
D
.(

JIN
ST 11 (2016) 

no.05, P05016

C
O

N
C

LU
SIO

N
S

•
U
ltrasound(AD

C
s(are(an(attractive(solution(

for(the(readout(of(SiPM
s
in(liquid(argon(

experim
ents.(

•
Significantly(m

ore(cost(effective:(
•
$250(per(channel(vs.($500(per(
channel(for(SSPs.

•
Tradeoff(is(less(utility.(

•
Active(ganging(of(SiPM

s
in(series(has(

show
n(m

ore(tolerance(to(longer(cable(
lengths(than(ganging(in(parallel.(

•
W
e(are(continuing(to(develop(this(readout.
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C
om

m
ercial U

ltrasound A
D

C
s for the D

igitization 
of Silicon Photom

ultiplier Signals for the SB
N

D
 E

xperim
ent

Joel M
ousseau

U
niversity of M

ichigan

IN
TR

O
D

U
C

TIO
N

•
Silicon(Photom

ultipliers((SiPM
s)(have(

m
any(benefits(over(traditional(PM

TS:
•
Low

(pow
er(required.

•
Less(expensive(per(unit(area

•
Ability(to(scale(to(alm

ost(any(size.
•
H
ow
ever,(challenges(exist(in(signal(

digitization:
•
Longish((several(100(ns)(recovery(
tim
e.

•
H
igh(dark(noise(rate((~10(kH

z).(

SB
N

D
 LIG

H
T C

O
LLEC

TIO
N

•
Light(collection(essential(in(lar(
TPC

s(for(t0 m
atching

and(
cosm

ic(BG
(m
itigation.(

•
TPB(coated(light(bars(used(to(
detect(U

V(scintillation(light(in(
argon(and(convert(to(visible(
spectrum

((left).
•
Light(from

(
each(bar(
detected(by(
12(6(m

m
2(

SiPM
s

m
ounted(on((

a(PC
B((

(pictured(left).
•
Light(bars(
com

plim
ent(

traditional(
PM

Ts.

SiPM
SIG

N
A

LS

Signal Peak, 
proportional 
to deposited 
charge

Fall tim
e 

proportional 
to RC

 of SiPM

•
Signal(digitization(requirem

ents:
•
H
igh(gain(to(detect(μV

level(signals.
•
G
ood(dynam

ic(range(to(detect(single(
PE(events.

•
Fast(sam

pling(rate(not(really(
necessary(due(to(long(signal(fallU
tim
e.(

•
Strict(digitization(requirem

ents(tend(to(drive(a(
highUcost(readout.(

U
LTR

A
SO

U
N

D
 A

D
C

S

•
Analog(to(digital(converters((AD

C
s)(used(in(

ultrasound(transducers(have(been(
investigated(as(a(digitization(solution(by(
M
u2e.

•
Low

(noise,(high(gain(w
ith(high(dynam

ic(
range.

•
C
hips(m

anufactured(by(Texas(Instrum
ents,(

m
ounted(on(a(M

u2e(preUproduction(FEB(
w
hich(reads(out(64(channels.

C
ircled: U

ltrasound AD
C

 chips

SIPM
 G

A
N

G
IN

G

•
To(reduce(readout(costs,(one(can(reduce(
the(num

ber(of(channels(and(m
aintain(the(

sam
e(active(area(by(ganging(SiPM

s
together.(

•
C
an(gang(in(parallel((top)(or(series(
(bottom

).(

D
1

D
2

D
3

V
bias

D1

D3

R1

R2

R3

D2

V
bias

SiPM
C

H
A

R
A

C
TER

IZATIO
N

•
W
ith(M

u2e(boards(and(different(ganging(
configurations,(attem

pt(to(characterize(the(
single(PE(resolution(w

ith(an(LED
.

•
M
easured(single(PE(resolution(w

ith(different(
cable(lengths(w

ith(SiPM
s
sitting(in(cold(N

2
vapor.(

•
C
utting(at(6(to(10(AD

C
(counts(ensures(

reasonable(single(PE(resolution.
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3 SiPM
s

ganged in parallel, 0 extra 
m

eters of cable.

3 SiPM
s

ganged in series, 50 extra 
m

eters of cable.

O
TH

ER
 M

ETH
O

D
S

•
Argonne(SSPs((pictured(above),(higher(
cost(w

ith(significantly(m
ore(utility.(

•
H
igher(sam

pling(rate,(m
ore(onboard(

utilities(for(online(signal(characterization.(
•
R
esolution(a(bit(better(w

ith(online(peak(
fitting,(looking(to(replicate(this(m

ethod(
offline(w

ith(SBN
D
.(
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C
O

N
C

LU
SIO

N
S

•
U
ltrasound(AD

C
s(are(an(attractive(solution(

for(the(readout(of(SiPM
s
in(liquid(argon(

experim
ents.(

•
Significantly(m

ore(cost(effective:(
•
$250(per(channel(vs.($500(per(
channel(for(SSPs.

•
Tradeoff(is(less(utility.(

•
Active(ganging(of(SiPM

s
in(series(has(

show
n(m

ore(tolerance(to(longer(cable(
lengths(than(ganging(in(parallel.(

•
W
e(are(continuing(to(develop(this(readout.
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•
Argonne SSPs (150 M

S/s, 14 bit) [com
paring to 80 M

S/s, 12 bit]


•
Higher cost w

ith significantly m
ore utility


•
M

ultiple onboard utilities for online signal characterization


•
Used in ProtoDUNE (288 channels)

JIN
ST 11 P05016 (2016)
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(in ProtoD
U

N
E)
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Ø
 Tw

o units prototyped to test C
ER

N
 

      D
A

Q
 integration schem

es
Ø
 Four units produced for C

ER
N

 
     “cold-box” integration test (see the      
     figure below

).

Photon-D
etector R

eadout in ProtoD
U

N
E-SP

• 
A

 dedicated photon-detector readout system
 (SSP) w

as developed for ProtoD
U

N
E

SSP (SiPM
 Signal Processor) B

lock D
iagram

 
4 S

S
P

s, signal cables, signal feed-through  
at C

E
R

N
 cold-box integration test stand 

• 
Tw

enty-four custom
 SiPM

 Signal Processor 
(SSP) units w

ere produced to read out the 58 
light guide and 2 A

R
A

PU
C

A
s photon 

collectors in final ProtoD
U

N
E

• 
D

evelopm
ent included custom

 SiPM
 PC

B
/

sum
m

ing schem
es, signal/pow

er cables, 
signal feed-through

(details in backup slides)
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From
 Zelim

ir D
jurcic

Alternative front-end (SSP)



M
ain issues m

oving forw
ard

•
Dem

onstrate full FEB+controller+DAQ
 chain (and m

erging w
ith TPC info) in ICEBERG

.


•
Develop solution for active sum

m
ing board’s pow

er.


•
Possible board re-designs


•
48 channel board re-design (from

 64 channels)? 


•
40 channels (1 APA) + 8 spare?


•
Pow

er schem
e, including both M

PPC and active sum
m

ing board bias?


•
Cat6 instead of HDM

I?


•
Explore the possibility of using DC pow

er input to the controller (perhaps from
 a W

einer supply), in 
consideration of noise issues.


•
Develop firm

w
are and zero-suppression (including m

ulti-channel coincidence+threshold on FEB) schem
e.


•
Considerations: DC rate, radiogenics rate, m

axim
um

 instantaneous rate
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