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Executive Summary

« Each new generation of complex ASIC takes time to
work out the wrinkles

* And much of the problem isn’t the ASIC per-se, but
accompanying circuitry, firmware and user knowledge

e The IRS family is unique:
» Much deeper storage depth (worldwide unique)
» Hardware timebase correction
» On-chip, massively parallel ADC
» Built-in, low-threshold triggering

e It has taken time, but we are finally there. Let’s put this
In perspective



Detector Instrumentation Evolution

e Traditional “crate based” electronics
— Gated Analog-to-Digital Converters

TDC

— Referenced “triggered” Time-to-Digital Converters — Disc.

Trigger

« High-rate applications -

— “pipelined operation” oo
— Low-speed, low-resolution sampling

e HH‘HH‘HH HH‘HH T

S50 100 150 2o

X .‘;&\“\w}s‘_

%

« High channel counts

— Motivation to reduce cabling
— Integrate electronics onto detector elements

o o

Issues: cost, power, resolution, data volume



WES Calibration — a history

e Switched Capacitor Array waveform sampling
has tremendous advantages in compactness,
cost, power, cabling, etc.

* No free lunch theorem applies — have to learn
how to operate/calibrate them due to
timing/voltage non-linearities




ANITA: Engineering flight
e Sampling unstable

* Thermal, control loop problems (x2, /2
sampling on some ASICs)

e 200-250ps “asymptote”

e “had” to make 1t work — alternatives weren’t
viable

Circa 2005

“Phase 1”



ANITA: second pass — 80 — 150 ps
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by 1.56 m

Vertical Angle
Dependency

i

TX Down

Summer 2006

“Phase 2”

ggg 2 I ndf 221716
180 Constant 2276 =123
160| Mean 1.434 + 0.004

140 sigma 0.07608 = 0.00229

100E

80F
60F 80ps

40F

i

5 0 05

expected

dt(surfé_ch2-surfé_ch0)_TX_DOWN

T i 2 25
dt (ns)

ime delay

240F
220
200
180
160
140
120
100
80
60
40
20

\

v i ndl
Constant
Maan

Sigma

148317
2376121
-0.004691 + 0003536
008407 + 000245

0

11705 0 05

1 1.

5 2 25
dt (ns)

‘X _ t2_expected Impulse signal from
- Ground Calibration
TX

2N tl_expe_g_t_e_d. ——

dt_expected = t1_expected- t2_expected

dt = dt_observation - dt_expected

dt{surf5_chl-surfé_ch0)_TX_down

120
100
80
60
40
20

# 2 1 mdf 24.07 I B
Constant 1031 7.5
Mean 0.9332 = 0.0072
Sigma 0.1452 + 0.0076

150ps

1"'.:':'.5"'6"':‘;.5"'#' 15 2 .25
. dt (ns)
expected time delay

Horizontal Angle
Faceto TX «——  pepepdency — Off by 1 Antenna



ANITA: third pass — 30 (16) ps

“Phase 3” ]
Ultrawide-band Interferometry

-Interferometric technique applied
by radio astronomers.

-They use single narrow band
frequency.

-More interested in source
imaging rather than point source
direction reconstruction.

Produce Ultrawide-band Interferometric Images with ANITA
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Not just on the bench — in the field
After full calibration — 100’'s km downrange

AMITA Flight Path

Gmound Pulser BEvents Recon. Period

<30 pS ti m i ng # Reconstructed AF Sounce Position

RF Projection onto the surface
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1% assumption
Y of surface

2" assumption surface

Fast Algorithm: Line Sphere intersection
1* R_ ., =Geoid + Surface @ Ballon position -> Rough Projection

2" R = Geoid + Surface @ (position from 1)

earth
3" one more iteration -> converged after 2" iteration

V-pol results
Borehole Data (used for calibrations)
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Laboratory Environment: real MCP-PMT Signals

BLAB1
700 Entries 10000
c Mean 4.381
= RMS 2.56
600 —
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Learning to how to deal with

Baby Blues >> Kirkman & Scott

SURF data | | MMMMM!  SURF data |
1\-li§l'§-l

WHAT'S
IN(T?

10



A comment on 3 pha

WEFS Calibration — a history ANITA: Eng

« Sampling

e 1)

« Switched Capacitor Array waveform sampling
has tremendous advantages in compactness,
cost, power, cabling, etc.

* No free lunch theorem applies — have to learn

how to operate/calibrate them due to
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Development Timeline (ASIC)

ASIC

BLABX

IRS2

IRS3/
others

IRS3B

Dates

< Spring ‘11

Summer ‘11 -
Winter 12

Spring ‘12 -
Winter 12

Spring ‘13 —
Summer 13

Milestone(s)

Prototyping

FNAL
beamtest

Semi-infinite
reviews

LEPS
beamtest

Hardware




Development Timeline (critical)

Firmware Dates Mi Iestone(s) Hardware
< Spring ‘11 Prototyping
v. 0 Summer ‘11 — FNAL
Winter 12 beamtest
v 1 Spring ‘12 - Semi-infinite
' Winter 12 reviews
V. 2 _
Spring ‘13 — LEPS
V. 3 Summer 13 beamtest




Development Timeline (software tools)

S/W Dates Mi Iestone(s) Hardware
< Spring ‘11 Prototyping
Ad hoc  Summer ‘11 - FNAL
Winter 12 beamtest
Spring ‘12 - Semi-infinite
Winter 12 reviews
v. 0 Spring ‘13 — LEPS
| Summer 13 beamtest




Completion Timeline

Dates Milestone(s) Hardware

< Spring ‘11 Prototyping

—i

L Summer ‘11 - FNAL

g Winter 12 beamtest
Spring ‘12 - Semi-infinite
Winter 12 reviews

(Q\|

& Spring ‘13 — LEPS

©

< Summer 13 beamtest

Summer ‘14 v.4 |IRS3D/IRSX v.1 RT recon Final boardstack
15



IRS3D/IRSX

 Baseline ASIC for production (~670 were fabricated In

pre-production run [March 2014])

\\\\\\\\\\\\\\ W72« High-speed, lower

.umcncnwv;mb
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comparator
 L_ower-power
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s Wi
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" * IRS3D takest

N , N QNN improvements,

.
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e A

S

2.6M transistors, 7.7k resistors (DACs)

power/EMI LVDS outputs for
fast, asynchronous signals
« Extended dynamic range

Gray Code

Counter and internal DLL
TARGETY7)

e Internal

out keeps

simplified IRS3C user I/O 16



TSMC Production Run

e Files at MOSIS, start once PO received (end June, 2014)

\ \\\\\\\\\\\\“ l"lllll////// /

' f////lmmlmm\\\\\w :

Now have the
masks, will make
run of 25 wafers

_IRS3D

IRS3CF—""

AC AE
IRSX —
89866 90414

AA AB

g =
89159 89566
AD AD AD AD
90413 || 90413 | 90413 | 90413
Reticle Layout

TARGETX

Should receive on
the order of 1500
each

17



IRSX/3D Improvements over IRS3C/3B

1. Improved Trigger Sensitivity

3. dT hardware adjust
4. Improved linearity/dynamic range
5. Improved Wilkinson ADC

= originally reported for TARGET7/X

= LABRADOR4 also

18



e Asignificant improvement for smaller pulses where “first strike”

Trigger Improvement (IRS3D)

initiation of the MCP charge development is retarded

Efficiency [%]

100

90

50

40

30

20

10

I U

Threshold Response

——Gain=1
=l Gain= 4

0 2 4 6 8 10 12 14 16 18 20

Pulse Amplitude [mV]

16x doesn’t improve further, as already at the signal-to-noise limit

19



fWavefarm[2][5]

w ~
o [w)
(=] (=)

fWaveform[7][6]
n
(=]
=)

100

-100

-200

-300

-400

Improved Wilkinson “cross-feed”

fWaveform[2][5]:fWaveform[2][9]

IRS3C #'_' l

O —100
- {80
r —60
L 40
— “kinks”
B 20
- -
_I 1 | L1 1 | L1 1 | | L1 1 | | | | L1 1| | | | | L1 1 | L1 1 | | L1 1 | 1 0
250 -200 -150 -100 -50 0 50 100 150 200
fWaveform[2][9]
tWaveform([7][6]:.fWaveform[7][7]

- Izso

- . —200

= “broadening”

- —150
oF- |

;_ —100

E_ 50

e “pinch-off”

: 1 1 1 1 I 1 11 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 11 1 | 1 1 1 1
400 300 200 -100 0 100 200 300 a0 °

fWaveform[7][7]

200—| Meanx -0.01012

ample 3 Amplitude [mV]

ls

® Broadening at the extrema

» Breakdown of simple ellipses expect

otherwise

* Kinks/inflections hard to manufacture
without some type of digital interference

80MHz sine input [IRS3D]

: Sample 2vs 3, Ch 1
Entries 100000

Meany -0.02859
RMS x 178.6
RMS y 180.6

-100/
200— Broadening is “AC noise”
N In vernacular of CTA colleagues
_30 C 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
00 -200 -100 0 100 200

Sample 2 Amplitude [mV]

Much improved — some additional

Improvement expected with
linearity correction

120

100

20



Result: visually nicer waveforms

(=]
(=]

IRS3B/C
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Difference most evident at the
extrema of the waveforms

;2007 zaai
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%1 50 L . Entries ;}0__ . . Entes 82
<
ro* Meanx 3.235| [ Mean x  3.235
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» r L ]
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[ [ ] |- . @
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IRS3D
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Of course, what we really care about ...

IRS3D Sine Measurement, random phase

Ch 1 - Ch 7 Diff
B Entries 11046
3000— Mean 0.5718
B RMS 0.02052
- ~20ps 1 I ndf 2134 /7
2500+ /\ Constant 2706+ 46.3
B _ Mean 0.5725 + 0.0002
B Stable: data collected Sigma 0.01997 + 0.00024
- over 14 hour run, where
20001 temperature wasn't
B controlled (DLL working
L well)
1500—
B No timebase
- correction (yet)
1000—
500— / \
_|4-’/|||ﬁ|
8.4 0.45 0.5 0.55 0.6 0.65 0.7

Measured cable delay difference (Ch. 7 longer than Ch. 1) [ns]
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CAJIPCI upgrade

o |f start with clean clock, don’t need/want the
complexity of clock jitter cleaner

« Use something more like successful FTSW

e Compare/modify programming methodology

20110805 version

Timing signals over CAT7 cables

7 ports, O1 to O7

ACK = ACK: 254 Mbps serialized, unused
TRG == TRG: 254 Mbps serialized

RSy === RS5Y: pulled down to GND

CLK = CLK: 127 Mhz

JTAG signals over CAT7 cables o oo | K

4 ports, 09 to 012

TCK e
™S 4+—
TO|

TDO ==>

Monitoring signals over a CAT7 cable

AUX port
in A

copy of trigger input
trg21 == |atched with 21MHz clock
frgpulse == trgin and (not trg21)

clk21 <= 21MHz clock

o1 02

Xilinx

FPGA cleaner
05 C

FTSW clock, trigger, programming

23



Micro-TCA

e Based upon advanced TeleCom standard, but a light
version, preferred by particle physics community

« Designed for intensive signal processing/handling

e Engineered from the start for extremely high

reliability and performance
2U height, 19" rack-mount ($3,750)

e
s

.
o

= 8%

----------

24



mMTC Upgrade Schedule/Cost

* Production lot of packaged IRS3D should be
available by ~mid-Sept (wafers back end of August)
o Example schedule showing Rev E Carrier Dev time

IRS-hased iTOP Readout
6/16 ©/23 6/30 7/7 714 T/i21 7/28 8/4

Pre-Production Prototype Board Stack I
Integration / Test ----
Ready
IRSX Evaluation L L .
Ready
SCROD Rev B Design ]
Fab/Assy T
, _s;;ady ]
. e amp I
Carrier Rev E Design I N
Fab/Assy
Costs: » Carrier Fab: can get hard numbers from previous fab/assy runs

e Micro-TCA parts listed (still need to pick a RTM to handle the
required # of fibers, but that is passive/inexpensive)

» CAJIPCI replacement few k$ at most. Probably take existing
design, throw out clock jitter cleaners, and put down

. 25
good clock source and low-jitter fanouts



Summary

« MmTC Development Status
» Stuck somewhere between Phase 1 and Phase 2
» Hardware upgrades will short-circuit some of the
development/education time required
» Getting to Phase 3 will expedite getting the physics

» Specific Recommendations:
» Upgrade Carrier cards to IRS3D and improved amplifier
» Replace CAJIPCI with simplified module
» Migrate from cPCI home-brew to enterprise micro-TCA
DAQ platform

e Schedule and costs look reasonable. Leverage the
knowledge and experience gained.

26






Calibration and Sources of Timing Error

voltage noise Au

signal height U
timing uncertainty At

Au U
At t

v

1

~y
~

Pl »
< >

rise time ¢, 3dB

tr
f
Au Au Au t, Au \/K‘( Au 1

_U | r_U\/H r:U .Vtr'fs ) U \/TS_U .\/st.f3dB

*Diagram, formulas from Stefan Ritt 28



Calibration and Sources of Timing Error

Contributions to timing resolution:
« Voltage uncertainties
e Timing uncertainties

voltage noise Au

signal height U

timing uncertainty At

*Diagram from Stefan Ritt

A
v

rise time ¢,
Of these contributions: Let’s talk about where the deterministic
 Random - irreducible (without pieces come from and what is or is not
hardware redesign) being done about them right now, and
« Deterministic —in principle can be what might be desirable or necessary in

calibrated away. the future. 29



Timing Uncertainties and Timing Calibration

* Time interval between delay line stages has intrinsic variation.
* Not accounting for this properly causes significant

Fake signal

= real sample
= Sample wo correction
X After interpolation

Real signal

correction

> PP —PpPh

Nuclear Instruments and Methods in Physics Research A 629 (2011) 123-132

30



IRSX Eval board

e FMC test card format bl TR -
for Xilinx Zyng-7 =¢
(Zyng-706) L.
Evaluation board icigy O

o @ 8 DanaaBas

SERISER
Maduls Connecior

Dual Quad-5F

DDR3 Mamsary
Flash [ 12BMb)

1GB {42688k}

Monine

ol Lalf

Systam Clook,

Usar LEDs
2.5V VDS g . :
T =
- sl=2l=2l=]* USH-1o-UART Bindge
B : o oo wi! Mini-B Cannsclar
@
3 - USHE JTAG Intertace

vl Micvo-B Connector

DDRE3 SODMM

Powar Management
Mamany Sackat

Syatam
Ethomet PHY

Siatus LED= willicra-B Con

Etharnat RJ48 Connssotor
HV 10001000 Mbps

HOAMI Video Cannschar J

HOMI Canbrodsr

PO Espiracs
L) @ L

Caonresctor

PMIOD Headers

Usar DIF Swach

Zyng-TODD
SoC

Ty Sol Boot Mo GTE Ditfaresviial SMA | User Push-Buiions,

DIP Switch THARK PrN Active High 3 1
FRGA PROG GTH Diffareniial

Push-Bustion BMA Clack PIN

J User Diffarariial
SMA Clock PIN

o

Hoh AN

nhAD

USB 4.0 UL Condroller



Cross-checking IRSX Improvements:

(features largely vetted on other ASICs, of similar/identical DNA)

 Triggering
— IRS3C has no gain in trigger path

— Insufficient overdrive for small/fast+narrow MCP signals

— IRSX adds selectable trigger gain path
 Improved dynamic range/linearity

— Added 2" stage, with tuning, to Wilkinson comparators,

to extend dynamic range and reduce non-linearity

— Modified Wilkinson registers for much lower power and
critically reduced cross-talk

TARGET7 results courtesy Hiro Tajima (Nagoya) on triggering and Justin
Vandenbroucke (Wisconsin) on improved dynamic range/linearity.
Comparison with LAB4C ASIC provided by Hawaii ANITA3 collaborators

32



Trigger Gain (x1 [IRS3C], x4, x16)

e Transfer slopes match simulated (designed) values well

Settings (DAC values) .

Vosf1:1472

Vosf2: 2048
PMTrefd: 2048
TRGGbias: 985
TRGsumbias: 1147

‘J-:ufs&% 1472, Waofs2 2045 FiiTretd 2045
T T T T T I T T

£
i
u}

(D AC)

== Mode b = Mode B-—Mode C

L

13

||||||||||?

ns

T T 1

*
ﬂur.xvuﬂ&'ﬂ'-‘ﬂ'-‘ﬁ'ﬂfﬂ“{
I L

|
IR A AR
E 3

S0

aon

o0

200

a0

1000 1100 oo
Wped (mV)

e Comparator threshold “overdrive” improved by factors of 3.2, 11.1

Full efficiency S-curves are reported in next slide (these important internal probes represent
something can’t be done directly inside the IRSX [doesn’t have these test structures]).
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Timebase servo-locking (DLL)

VadjN [V]

1.08

1.075

1.07

1.065

1.06

1.055

1.05

1.045

DLL Operation

)

s

/

4

118

120

122 124 126

Delay tap [of 128]

128

=§=2.74 Gsa/s

Sampling Rate [GSa/s]

2.76

2.74

2.72

2.7

2.68

2.66

2.64

2.62

2.6

2.58

1.04

DLL Operation
1.05 1.06 1.07
VadijN [V]

1.08

== Coarse

* Excellent stability visually on monTiming output
* VtrimT to fine-tune between coarse tap settings
(scatter from linear is dT values)

(indirect “RCQO” feedback mechanism injects asynchronous noise into timebase
generator, degrading timing performance — so this is a significant improvement)
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Time base non-uniformity...

— \

2.5 _GSa/s If can correct, reduces
2o processing time
20} ~34 ps RMS dramatically, as this is the
150}~ 10-15% of dT most computationally-
e typical intensive aspect of “fast
50 feature extraction”
908560500 550400450~ 500 550500 35

Bin width in Calibration File [ps]




dT Correction Demo

C _ Channel 1 L Channel 1 Channel 1 - Channel 1 Channel 1
450~ L
C Sample 21 - dTrim = 1900 Sample 22 - dTrim = 2000 Sample 23 - dTrim = 2100 Sample 24 - aTum = 2200 ‘Sample 26 - dTrm = 2300
b Entries 1159 || Entries 886 |[ Entries 1135 Entries 763 Entries 1041
[ Mean 132 ([ Mean 1185
5ol Mean 120.8 Mean 104.1 Mean 9252 b
F RMS  8.566 | RMS 3.97 RMS 10.2 RMS  4.133 RMS  10.16
00—
280 [
xol r L
|50__
1oa]— r
ED__ -
Al III-HH‘IIH‘HIll\ll\l\l\l‘ll\lll\l\IHI‘III|\II|IHI‘IH\‘Ill\lHlllll\l‘l\l\‘lll\\IIIIHI III|H\‘I\HlHHlHIIlIHI‘IIII‘HII IIHlH ﬂHlll\ll‘IIH|HII|IHI‘IHI‘IIH'HIIIHI‘IH’VIII1\III|IHI‘HH'IIII|HH|IHI‘HH
Channel 7 Channel 7 Channel 7 Channel 7 Channel 7
380 Gampie 21 - dTim = 1300 fample 22 - dTrm = 2000 ‘Sample 25 - oTem = 2100 |Sampie 24 - dTim = 2200 ke 25+ o Trim = 2300
Entries 1106 [ Entries 888 Entries 1110 Entries B4B Entries 1091
30— Mean 1384 Maan 1153 Mean 128.2 Mean 1037 Maan 1325
- RMS 4018 RMS 11.18
RMS 1188 | RMS 2344 |[ RMS. 10.89
280~
200~
150 r
100~ |
S0 r [ B =
L III|I I‘IIH‘HII'HHlHH‘IHIlHHIHI‘IIH’V\IJlllH‘IH\‘IIHlHIIlIHI‘HH‘IIHHII|IH Hl\l II|HH|IHI‘I\I\llllll\l\lll\llIIHlHl|\“H|IHI‘Ill\l\III|IHI‘IHI‘IIH|HIIIHI‘IH IIH|‘I“II|IHI‘IH\|IIII|HH|IHI‘HH
4] S0 100 150 200 280 300 350 400 450 5D 50 160 150 0 250 200 380 400 450 SO S 100 150 N0 280 300 380 400 450 SO =0 100 150 00 280 200 350 400 450 SO 5 o0 150 00 260 00 280 400 450 ©

Samples follow each other across channels

measured rise/run [mV/bin]

140
120
100
80
60
40
20
0

1900

Target operating
point
(as an example)

Sample 25

A

e

=¢==Sample 25

2000 2100 2200
dT Trim DAC [count]

Only tricky part is that the
DLL compensates to keep
overall length, so need
iterative solver for all
samples simultaneously

‘ Calibrate once and subsequent corrections made in hardware l%6

2300



300

250

200

150

100

50

K=

Observed IRSX (IRS3D) noise

IRS3D Pedestal Noise on eval board

IRS3D on eval board

Sample 1, Channel 2

Pedestal Noise Amplitude [mV]

Pedestal noise, Sample 2, Channel 1 E Entries 100000
; /\ Entries 644 35000 } Mean 0.2248
- Mean 0.003804 - AMS 1.82
- RMS 1.476 - %2/ ndf 1.613e+004 / 6
- \ 30000 [ "
— x° / ndf 43.02/3 - Constant 3.188e+004 = 1.297e+002
- Constant 310.1 £ 159 C Mean 0.4072 £ 0.0071
- Mean  0.03262 % 0.07176 25000 — Sigma 1615 0.008
- Sigma 1.406 + 0.044 L
- 20000 —
- 15000 —
- 10000 —
; E 5000 |—
L | el I B AT e C }‘T,LJ
0 8 ) 4 ) 0 > 4 6 8 10 o] N N T T T O Y I R

-10 -8 6 -4 -2 0 2 4 6 8 10

Pedestal subtracted distribution [mV]

Non-gaussian distributions expected for small noise amplitude

due to non-linearity in Gray-code least count

Take away message: noise is comparable, or better than
IRS3B/C, and acquired while sampling continues to run
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Improved Linearity [TARGET7/X]

4000
3900r 7_stage transfer function

% 3000 (mean of 64 cells)

5

8 2500

3

< 2000

5

= 1500}

B- 1 . .

E 1000! CR:emlnder. a 2.5V process;

omparator current mirror on

500 / VSS end

800 1000 1500 2000
Input voltage [mV]



—
w
—

[ =
3
o

o
Q
(]

e (A

Amplitud

—linear fit
3500 — mean of 64 transfer functions

T5 (Runs 56158 to 56182): INL = 337.8 counts HI RS3 C o

Linear fit residuals (ADC counts)

090 1000

DC voltage (mV)

1500

2000

4 ”
T7 (Runs 96385 to 96409): INL = 76.9 counts I RSX

4500 .

—linear fit

4000 — mean of 64 transfer functions

3500+
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1000+
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800 1000 1500 2000
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T5 (Runs 56158 to 56182): INL = 337.8 counts

T T

DC voltage (mV)
T7 (Runs 96385 to 96409): INL = 76.9 counts
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o
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_8 L 1 1
800 1000 1500 2000
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Improved Residuals, repeatability

Note: IRS3D -- no comparator bias tuning yet done

IRS3D 3rd-order Residual

= 10
E pX
g Entries 26 + +
5 Mean 1498
& 9 |Meany -1.769 .
a RMS 3738
RMSy 6.406 +
0

-10

&
\‘I\\I‘\I\I‘\I\\|\\I\‘I\\I
e

-15
\

| 1 | | | |
500

| | | | |
1000

| | |
1500

2000 2500
Input Voltage [mV]

o

~1% Integral deviation from
3'd-order over key sensitivity
range

Difference [mV]

IRS3D Residual Difference, Sample 2 vs Sample 1

0— px
Entries 26
C Mean 1498
-1 Meany -3.346
C RMS 373.8
- RMSy 1.725 | + +
_2-— *

a3 !
|
-4 ' .

0 500 1000 1500 2000 2500
Input Voltage [mV]

Shape repeatable sample-
sample (common lookup
table, with only pedestal

offset) 10



Improved dynamic range

4000 . . 4000
o V24 o . 7]

as00l 1OW range | as00l “high range
5 a000f FOF IRS3C 7000 FOM IRS3C
5 5
8 2500 8 2500
a a
< 2000¢ < 2000+
Q “IRSX” Q “IRSX”
3 1500} \ 3 1500° \
=3 a
£ 1000 £ 1000

500 500

&0 1000 1500 2000 200 1000 1500 2000
DC voltage (mV) DC voltage (mV)

e Could tune somewhat for desired range of operation in IRS3C, but still
could not get much above about 2V (and large scatter in where
comparators would stop working)
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IRSX (IRS3D) 80 MHz sine response (2 adjacent samples)

- 80MHz sine input [IRS3D] 90001 80MHz sine input [IRS3D]
7000— i
L Entries 100000 r .
—L - Enirigs 100000
6000— Mean -0.01012 - Mean -0.02859
- RMS 178.6 7000—
- = RMS 1806
5000— - 6000—
4000_ SGDO__
B 4000/—
3000— -
- } 3000
2000 |
B 2000
1000~ -
- 1000/—
ol b B b b bl B b b B b e Bl fa v

-400 -300 -200 -100 0 100 200 300 400 -300 -200 -100 0 100 200 300 400
Amplitude [mV] 42



2x Fast LVDS Serial:

Write Address, Readout

Primary Shi_ft Register (increments on SR_CLK, loads on Jam)

IR3X

Data Shift OutpWt

(IRSX DataShiftoOut)

UK s_GoK
g Tror[— sa_tner

GCC_CLE=—

rrrrrrr

CCC CILE . R
Saco Bba

G Beral

DoLE ol

PoLE_203[>—
28 _Tacr[—P 58 Ok

Simple Timing
Generators

=

BOLE 2ul

THITY T4

I_dJJ‘i 14

£9 4179 J4
€91 HIa¥ I4

Loadable,
incrementable

Sample+Channel
ADDR

IRSX ChanSel

%%E%%%%‘E%%

[l bl o] 9 by ] o] Lo

ESx Ril-ag .
R

] ::gc ]
Enu —L_riis Hea Simple
Channel

============

Address
decoder (with

Write-only RD ADDR
(+ RD_Ena bit)

SS_enato
switch
sample to

bus)
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|II

variant (Spartan-3 based);

IRS3D Eval board  Rather limited “universal eva

CEmR AN




Readout ASIC status:

DeS|gn completed/reviewed, In fabrlcatlon

IRS3/X
= ASIC
j
' m Storage Arra
ChE nel 0 Inpu : su F'"“:::“ b ( -y “:;“ : [ Wilkinson ADC ]
Window | Window Window Window
2 3
)
50Q . 510 511
term : "
Chahnel 7 In Sampling Aray s e
s giE—
— — Sample | Sample 0 1
Window | Window Window | | Window
2 3
Timing
Generator

#
?

8 channels per chip @ 2.7-4 GSa/s

«Samples stored, 12-bit digitized in groups of 64
» 32k samples per channel (8us at 4GSa/s)

* IRS3C* (April 2013) usable for Belle 11

* Increased performance margin ASICs in fab:
»|RSX with high-speed serial interfaces

»|RS3D with enhanced dynamic range, same 1/O
* IRS3C = IRS3B with low power-on current, ext. dynamic range

[mVv]

ool L Lo e L e L L
0 1000 2000 3000 4000 5000 6000 7000

| nput Wllklnsun
i | 500 LTTETEEL i

i term. Reglsters
! |and

k| Sampling

Dle Photograph

RF Pulser Input

~8mm

Signal Amplitude

00000000

ries 24

X 3535
¥ -215
RMS x 2128

z=zm?Q
oo 23
43 2

RMS y 61.96

PR IR
8000 9000

Sample Time [ps]
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Pre-production Board Stack

o Amplifier and calibration signal path

o
UNWN\/\
oL

Typical raw single-pe PMT pulse
HVB @ —3200 V

25 Ohm load

20 GS/s (RT01044)

measured risetime: 140 ps

PMT gain ~ 5x10°

Typ. amplified single-pe pulse
HVB @ —3200 V

\oltage on 10 pF load (IRSX eq.)
20 GS/s (RT01044)

Measured risetime: 565 ps
[NOTE: different event & channel]

50 mV/div

1 mV/div

I
211 21z

1350

I
213

I
214

i
215

i
216

1300

1250

1200

1150 |

1100

-
=
]
=]

=
=)
=1
=1

o
a
=3

1 ns/div

I
214

r
iy
w

I
215

I
216

I
217

I
218

219
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Calibration requirements

1. Subtract storage cell pedestal (avg. ~2000 ADC +/- 100’s counts)
2. Linearity correction (optional)

3. Individual sample time offset correction
Waveform Pedestal Correction

Dot asmpins » Fhactons smacbn £ AR paln () A G 8 AR (Pulwvid (3 b 3%

Three sets of calibration constants required: -

e Sample pedestal values
o (262144 samples/ASIC)
e Sample time widths : : et
o (128 values per ASIC) i E —

L\ n.-"-.
m M
Ll T T ) '! .."'u,,l'.ll'."- "

FESEREEGERE
I|-|||I|||III|I- T 'J.P ||
I"'

e Timewalk correction ] Ul |J' h+ ,tﬁ__‘l_
o (~20 values per ASIC) 'gf“ll.’“ ! a ?T"T'.'Ht” | +'f%'*'%' '“‘f#'.‘HWH
Pulse Time Vs Sample Array Bin # | * Pulse Time Vs Héighf o
(used tnﬁmea_sure Sample-DTs) timewalk correction

Puilse Time (ns)
=




Data Analysis in Hardware

SP605 (acting as SCROD)

Fiber

Fiber
Xevr

Basic beam test analysis
implemented in FPGA

— Fully pipelined architecture ft
maximum performance

Initial measurements:
570k waveforms/sec

— Fiber, memory access will rec
max rate; studies underway n

Testbench development for

detailed performance analy

with replayed data underway

ZC706
1GB DDR3
Zynq FPGA fabric Zynq dual-core ARM
v
N T B
. ST comer > £
= ! o
s L%3]
o 2
or R FIFDO  — — — cOurE—) o
m O
S w
i v
Q7T —_—— — Counter  t———)p
Calculation L _) Q. T data ‘ i
Juce
oW
1GB DDR3 32 MB Quad-SPI
IS
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Event sampling

_-— e o o o = e e |

e Sampling: 128 Recording in one set 64,

(2x 64) separate transferring other
transfer lanes (“ping-pong”)

e Storage: 64 x 512 (32k per ch.)
e Wilkinson ADC (64 at once)
e 64 conv/channel (512 in parallel)




Readout Electronics -- requirements

Operate within Belle-11 Trigger/DAQ
environment
>= 30KHZ L1 trg o restou v

ASICs

Gbps fiber Tx/Rx T I

CO P P E R baC ke N C - __- EMDCCISIOH Logic
Timing trigger ]

- . FPGA firmware consists of 3 parts:

I I O P . 8 k C h an n e I E 1) ASIC/ADC driver (common)
2) Trigger/feature extract (subdet. specific) Clock/Event Timing Distribution
3) Unified DAQ transport protocol [

16 |TOP mOdUIeS SuperKEKB RF clock ,L
4x 128-channel SRM/ITOP module (64x total)

COPPER

FINESSE
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[Fmvesse

Belle Il back-end B

111

Local Bus PCI Bus

Mezzanine Cards

Detector Signals

Upgraded for
Control | Bridge Belle |1

« COPPER (COmmon Pipelined Platform for Electronics Readout)
e Used in Belle, J-PARC experiments
*FINESSE (Front-end Instrumentation Entity for Subdetector Specific Electronics)

ol




n”
D
—
(-
O
O
@
<
A
@
[,
m




Data processing in DAQ Linux CPUs

F’}{Dg_ E[ PXD readout box ]—>

) } > lrder
~3DD R/O boards HLT e =
~0.5M chaﬂ/ ({CCPPERs) ~30 R/O PCs distributor I
reco| -
Sﬁt s

- -
-

reco
rder

Z lap|ing JuaAg
v
U

2 ﬂﬁ[—_*’
2 ol | [recol | —
§ -l-\:@L—r rder| b
. HLT farms
. RAID
+0O(10) units of ~10 units

~400 cores/unit
gh. TR

Mear detector E-hut DAQ server room




COPPER

CPU (Linux)
Digitizer cards ATOM 1.6GHz '
(Belle2link recv.) Memory : 512MB BelleZlink

Form factor = VME 9U

COPPER

Belle2link Recv.l
N
Readout FIFO |
N

Online prncessn+

— I & | |Generic
‘._ on-néardether[ ] | PMC slot

to event builder

1000Base-T port x 2



Belle2link and “remote” FINESSE

EEE T 42 - - - - - - - .y

“Remote FINESSE” | Belle2link :

]
Control Reqist

---L_Contiol Register fslow contrgl : |

i dat | receiver
signa data 22 FINESSE| |
eductic optical |
fibers
FPGA CORPER

FPGA on detector readout card

- In the FPGA on detector front-end card, “virtual” FINESSE”
Is Implemented, and it talks with “Belle2link transmitter core”.

- In COPPER, Belle2link receiver(HSLB) is implemented instead
of digitizer FINESSE, and connected to front-end card via
optical fibers.

- The receiver “remote controls™ the “virtual FINESSE” (slow
control) and receives the data stream via optical fibers as if
the remote FINESSE is implemented on the COPPER.



Trigger/Timing Distribution
From Nakao-san’s docur(!i’lt%w)

20110805 version

Timing signals over CAT7 cables

7 ports, O1 to O7

ACK =0 ACK: 254 Mbps serialized, unused
TRG S== TRG: 254 Mbps serialized

RS\ === RS5V: pulled down to GND

CLK = CLK: 127 Mhz

JTAG signals over CAT7 cables o7

4 ports, 09 to 012 08 || o0

TCK
TMS
TD| ==
TDO =k

211 || 312

Monitoring signals over a CATY7 cable

AUX port

) . ) input
trgin = copy of trigger input circuit
trg21 A== |atched with 21MHz clock ddar

irgpulse “*== trgin and (not trg21)

clk21 == 21MHz clock



Trigger/Timing Distribution
From Nakao-san’s docur(gtIuSnV\

20110805 version

Timing signals over CAT7 cables N

7 ports, O1 to O7

ACK =0 ACK: 254 Mbps serialized, unused o1 =
TRG == TRG: 254 Mbps seralized o3 || o4
RS\ === RS5V: pulled down to GND

CLK = CLK: 127 Mhz

JTAG signals over CAT7 cables o7 || o8

4 ports, 09 to 012 08 || 010
s

¥E1|§1— 11 || 012

TD| =

TDO =—n

Monitoring signals over a CATY7 cable
AUX port

trgin <= copy of frigger input
trg21 == |atched with 21MHz clock
irgpulse “*== trgin and (not trg21)

clk21 <= 21MHz clock



High Level Trigger (HLT)

- Unit structure (O(10))

* to reduce the number of output port of event builder

* to keep up with the gradial luminosity increase

* fault-tolerant : each unit is completely independent
- Based on the parallel processing technology developed for basf2

B event sender

Pixel
SHl Vfg[}kﬁggl;;es Event = Detector
Separator . Merger R/O
~ t){---._,-_ basf2 I | | "|I'K *
o @ R~ | [iFo™-0lL e Y AINENG
@ . -
% \ S| >
S PR® ) N == \R multicore r‘rx iy
© s =
Py - one HLT unit o
— = E
O | -
| ' %]
B event receiver ™ B2Socket X O(10) HLT units
@ ring buffer




Belle Il Throughput

Estimated event size and bandwidth

Assumed L1 rate = 30kHz (maximum of average)

#ch occ #link

PXD 8M
SVD 243456
CDC 14336
BPID 8192
EPID 65664
ECL 8736
BKLM 19008
EKLM 16800

TRG

[%]
2
1.9
10
2.5
15
33
1
2

40
40
302
128
78
52
16
66

flink
[B/s]
455M
13.6M
0.6M
7.5M
1.1M
7.7M
9.7M
19.5M

FNS

HSLB
HSLB

DSP
HSLB
HSLB
HSLB
HSLB
HSLB

#CPR chsz

[B]

— 4

40 4

75 4

16 16

20 2.8

26 4

6 8

to be fixed 4
10

ev sz
[B]
800k
18.5k
6k
4k
2.8k
12k
2K
1.4k

total
[B/s]
18.2G
555M
175M
120M
84M
360M
60M
42M

ICPR
[B/s]

13.8M
2.3M
8M
4.2M
15M
10M
5.3M



Expected data rate/size reduction for L1 trigger rate=30kHz
with loose HLT trigger + Final trigger at PromptReco
~1MB/e Size reduction=1/10
"“30 kH se reduction by frad ,._,1 00 kaeV ction by HLT sel. _
T : ;;;Em : ~10kHz o _R.at:a reduction = 1/2
processor event tag RAID -
Switch
& mmmn ~180kB/ev
 ro L HLT ~180kB/ev g~5kHz
OPPER=2 pC [ " Sl ~10kHz |- <0 9GB/s
= ~1.8GB/s '
= [ @PReco
~100kB/ev = ~80kB/ev I;LITRTM: @ RAID e

~30kHz m—o0KHZ I~80kB/ev
BT Size red. by formatting | ~1 0kHz
except Pixel

. Recording
R/O —* RAID [
opperg] S Rate reducti 1/3
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