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Digital Signal Processing for the EMC

Simulations

Simulated Detector Response
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* Simulation Framework and Parameter Extraction

e Parameter Extraction Performance (Simulation)

* Firmware Development for the PANDA SADC
 Parameter Extraction Performance (Measurement)
e Summary and Outlook
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Simulation Framework

e Filtering
* APD Gain * Realistic e Hit
e Energy Signal Noise Parameter Detection
*T, CINEIEIIN o Pulse U EE Y o Amplitude
¢ Thresholds Generator Extraction
¢ T, Extraction
Full Simulated_ Event Setup for the Performance Test_
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Simulation Framework

APFEL Preamp. Theory Pulse
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Noise Generator

 Measured spectral density

* Generates noise according
spectral density (IFFT)

e Assumption: Uniformly
distributed phases
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Signal Generator

Amplitude [dB]

Theory Pulse
e Parameter extracted from recorded
waveforms

 Method which generates pulses as
function of APD gain (M), Energy and T,
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Simulation Framework

Signal Generator

Comparison between simulation and measurement

Mgasurement: APD Gain: 150, Threshold: 2.5 MeV
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7‘ -4 Single APD Data

Extracted Parameters:
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Impact of Electronic Noise on Relative Energy Resolution

3.0F§ e

¢ Simulation: APD Gain 150, APD Threshold: 2.5 MeV/]
¢ Measurement: APD Gain 150, APD Threshold: 2.5 MeV
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Noise term of relative energy resolution
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measurement 2.16(6) MeV
simulation 2095(6) MeV

H I HELMHOLTZ
Helmholtz-Institut Mainz

YRY!




Simulation Framework

Parameter Extraction Met
Finite Impulse Responds Filtering

.20 Coefficients, /,=80.0 MS/s ., Simulated Detector Pulse with Noise (3 MeV)
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* Filter is designed to suppress high frequency noise by conserving the
APFEL ASIC preamplifier pulse shape.

* The more filter coefficients the better.

 Number of coefficients limited by SADC FPGA resources.
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Simulation Framework

Hit Detection

Parameter Extraction Methods

Hit Detection Path for Low Energies at LG

Hit Detection Weight Function
Raw Trace
E ! : 20 = FIR
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* Weight function considers both rise time and time under zero
* Sensitive to signal structures, which are APFEL ASIC pulse-like
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Simulation Framework

Parameter Extraction Methods

Amplitude Extraction

Components of the Amplitude Path
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* Baseline follower included by design
* Cancelling of falling edge: Important for pileup correction
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Simulation Framework

Parameter Extraction Methods
T, Extraction

Time Path ‘ N (o r—4 N
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D is already the first derivative.
Thus, D' is the second one

* Using inflexion point (f"(x)=0) for T, determination
* Interpolation between samples in order to increase time resolution
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Simulation Framework

Parameter Extraction Methods
Pileup correction

TMAX Pileup Detection

B
200 1 T
H'I:ma.'e_l i s — s 5
: i Hcorr. — Hmeas. ) E(Hﬁea&? Hmeas.? ﬂt)
100 i
e
g [
= bkl e Challenge: Determination of 2
= INT : i I| T T T bl . )
5 ﬁ'\i y We come back to it by using beam
w 151 f . .
| | I F
00—/  RawTrace data in the course of this talk...
\:Pﬂn /] — FR
) ———-  Ext, Time
—200 bt :Ij," i
P —  Ext. Ampl.
: w.f : :
Q 1000 2000 3000 4000 5000

Time [ns]

* Algorithm is capable to detect pileup on falling edge
* Amplitude correction is possible with the information of the height of

the primary pulse, the height of the secondary pulse and the time
difference between them.
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Simulation Framework

Pulse Processing Validation

Simulation procedure

Setup for the Performance Test

Signal [ADC]
o

1. APD gain
2. Event energy
3. Hit detection threshold (LG, HG)

Generate trace with 3 events and
"noise hit region" (6750 ns)

I
H — Raw Trace
[
i | --  Ext. Time

i =  Ext, Amplitude
[ Hit Detection Window |/
[ Noise Hit Region

10000

Time [ns]

In the following we will discuss the results for:
Noise hit rate and efficiency
Time resolution

for APD gain 200
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4000 traces per input parameter set

15000
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Simulation Framework

Pulse Processing Validation

Noise hit rate and efficiency
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Noise Hit Rate and Efficiency, APD Gain: M = 200
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Efficiency for 3 MeV events
Upper plot: Noise hit rate

Lower plot: Efficiency

Example for APFEL HG:
Threshold =1.75 MeV

Efficiency =72.3%
= 202 kHz

NHR

DAQ limit is 558 kHz
per channel at current

implementation
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Simulation Framework

Pulse Processing Validation
Noise hit rate and efficiency
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Simulation Framework

Pulse Processing Validation

Noise hit rate and efficiency

140 Online Timestamp Comparison, APD Gain: M = 200
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Efficiency for 3 MeV events
Upper plot: Noise hit rate
Lower plot: Efficiency

Example for APFEL HG:
Threshold = 1.0 MeV
Efficiency =80.7 %
NHR = 6.8 kHz

DAQ limit is 558 kHz
per channel at current
implementation
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Simulation Framework

Time resolution

Time Res. [ns]

Time Res. [ns]

50 Time Resolution, APD Gain: M = 200

Pulse Processing Validation

Time Resolution at 60 MeV (APD Gain 200)
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Example time resolutions (TR)

. * 1| for APD gain 200:
08 }  High Gain ]
o6 TR(60 MeV) =1.517(10) ns
0.4 TR(SOO MeV) = 182(1) PS
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Simulation Framework

Summary simulations

Pulse Processing Validation

Parameter Achieved Value TDR | Unit
APD Gain 150 200 250 - -
Preamp. Gain LG ‘ HG LG HG LG | HG - -
Noise Hit Rate Threshold: 2.5 MeV

Single 331.1(26) | 160.9(20) | 151.44(200) | 38.07(110) | 67.93(145) | 5.52(45) ~ [ Kz
Dual (Ieomp. = 200 ns) 1.27(5) 0.16(1) 0.13(1) <0.01 <0.1 <0.01 - kHz
Efficiency Deposited Energy: 3 MeV

Threshold: 2.5 MeV 39.6 50.4 41.3 55.3 42 4 58.5 - %
Threshold: 1.5 MeV 55.9 65.9 57.1 76.6 61.5 83.9 - %
Time Resolution

60 MeV 5.369(35) 1.998(13) 4.051(26) 1.517(10) 3.176(21) 1.198(8) 1 ns
500 MeV 635(4) 239(2) 477(3) 182(1) 380(2) 144(1) 150 ps
Non-Linearity Upper Limit

Dep. Energies < 100 MeV | 635.12(23) | 288.24(179) | 138.24(70) 134.80(7) 162.17(7) | 103.66(73) - keV
Dep. Energies > 100 MeV | 64.81(3) 41.31(27) 44.90(3) 21.62(27) 44.78(3) 21.05(26) - keV
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Mainz SADC Firmware

Power Programming Optical Link

gL

 Developed at
University of Uppsala
by Pawel Marciniewski

[asilg; oo « 64 ADC channel
et =n - labit

80 MHz

e Two FPGA's

Xilinx SE e e e e e e
Kintex-7
FPGA

* Two optical links

ADC (8 Channel)

Analogue Input

SADC firmware was developed which includes the just discussed
parameter extraction methods
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Mainz SADC Firmware

Very short overview

l---------:_-:::::::::::::::::::::::::::::::::::::::: ------------------------------------------ ‘ --------------
[ ] [ ] [ ] 1
: : N [ : :
: : Hit | :
1 1| ADC FIR TMAX - L 1 .
- ; }"l }“‘ Collect . . .
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' : | apc FIR TMAX Hit || = F“."“gld ® Mrransceiver P
' ' Collector | !~ i:. Bullder
' ; S
[ ]
[ ]
[ ]
[ ]
[ ]
- [ ]
. I

i

)
52

» Self-triggering approach (hit collector, arbiter)

* Efficient FIR filter implementation by using distributed arithmetic's
e Data are collected into UDP packages

* Development of receiver software

* Slow control GUI

H I HELMHOLTZ
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Mainz SADC Firmware

Very short overview

Utilization Post-Synthesis | Post-Implementation
Graph | Table
LUT
MMMMMMM
FF
BRAM 0%
DSP
10
GTA
BUFG
MMCM A

* FIR filter implementation by using distributed arithmetic's saves DSP
slices for other operations
 About 50 % of FPGA resources occupied

H I HELMHOLTZ 20/34

Helmholtz-Institut Mainz

www.hi-mainz.de 06.11.2019



Beam Tests with the EMC Prototype

Mainz Microtron (MAMI)

Electrons at RTM3 ?/? Tagtged Photons
(up to 855 MeV) _—-, 57 < (up to

‘N

& \]}'y i 4 h /’ ~~~~~~~~
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Linear Accelerator s Now MESA
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Beam Tests with the EMC Prototype

X1 electron beam extraction

e oas DOl Magnet s o [ Electrons with
I Extraction Beam Pip \ EIV.IC’I5?o_to'type energies
- ‘ SR
,- [1 AN 57 between
A N TaT 195 MeV
| and
855 MeV
= ,//"‘"— s —
% -Y-PsritioninTabI Glass-Fiber-Reinforced Plate Line-Driver PCB
: | :m Wrapped
\ Crystals

Alveolus

e EMC prototype =4 x 4 BWEC submodule
 Full slow control
 Full readout chain

Service PCB

Multi-Fiber
Connector
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Beam Tests with the EMC Prototype

Single channel energy calibration

Single Channel Spectra, Low Amplification + Energy calibration

w | .
s L APDO e Correction by Geant4
O - . .
5000 Il 105 pev APD1 simulation
= SUM
I a7, Simulation: Central Crystal Erlwergy Depolsiticn
4000_— \ —— Interpolation
L a6 t  Simulation |
- 315 MeV \ ,
3000(— 450 Mev Measurement ® \
B £ g4
- 600 MeV -
2000/— 855 MeV 3., \
B S \
- - N
1000/ \\
- 81 \\
——
0 - Lot : 80 o
0 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800

Filter Value [a.u.] Energy (MeV]
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Beam Tests with the EMC Prototype

Sum spectra

Cluster Sum Spectra 3x3, APD Threshold: 2.5 MeV

"340003 185 MeV ~‘§4°w: 185 MeV
a3 I [ ]315 mev 3 r [ 1315 Mev
©3500| [ 450 Mev 93500/ []450 Mev
[ 600 MeV [ 600 Mev
3‘}005 | 855 Me 3‘}00; | B 855 Mev
2500, q 2500
: ' 5 \
2000— 2000— |
1500 — 1500 —
1000 1000
500/ 500/ . S f A P D
| | \ J um spectra for
Py AL W . - b JE S . - - .
0 1000 15 2000 2500 0 500 1000 1500 2000 2500
Sum Value [a.u.] Sum Value [a.u.] ga I n
Measurement * Threshold = 2.5 MeV
resnoild = Z. e
4000 4000
§ I 195 Me % I I 195 Mg LG d H G
=} C o L
Oa500— C3500— ( an )
3000 3000 “
2500 2500 n
2000— 2000—
1500 1500
1000 1000}
500— 5001
D: L t' s} i A 45 L | U: L t'l i, | S |
0 500 1000 15 2000 0 500 1000 1500 2000

2500 2500
Sum Value [a.u] Sum Value [a.u.]
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Beam Tests with the EMC Prototype

Relative energy resolution

Relatlve Energy Resolutlon 3x3, APD Galn 150, APD Threshold 2.5 MeV

7
. . : a=108+014%
—— Fitog/ E ) 1
\ i b =1.83+0.45 %/(E[GeV])
6/ ¢ Data e R C = 2,02 +0.15 MeV /channel |-
: E i op /B|GeV] = 2,207 +0.006 %
_ 5
=
<3
&
4
3
2
0.06
g 0.04
= 0.02
é 0.00
-% —0.02
o —0.04f ot 5 : 5 :
—0:06—7555 400 600 800 1000
Energy [MeV]
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Beam Tests with the EMC Prototype

Relative energy resolution as function of the threshold

8 Relative Energy Resolution 3x3 as Function of the Threshold
: | TDR Requirement at 1 GeV
Measurement § 20.0 MeV
Y 10.0 MeV
7 | T 5.0MeV .
¢ 2.5 MeV
$ 1.0 MeV
o 0.5 MeV
6_ -I-- ’ H H N
g
T 400 600 800 1000

Energy [MeV]
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Beam Tests with the EMC Prototype

Relative energy resolution: Impact of dual gain readout

6.5 The Impact of Dual Gain Readout on the Relative Energy Resolution 3x3

“. —— Dual Gain Readout
- - ==+ Single Gain Readout
0 NS S — ]
= ; ; ¢ 2.5 MeV
| . Measurement i 1.0 Mev
55 M e 6 0.5 M@V

Relative energy
resolution always

5.0+

S benefits from dual
a0 gain (APFEL HG + LG)

readout.

3.5+
3.01

2.5+

2.0

200 400 600 800 1000
Energy [MeV]
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Beam Tests with the EMC Prototype

Linearity

! _Linearity Sum Cluster 3x3, Threshold: 5 Mev ! o5 Simulation: 3x3 Matrix Energy Deposition
L000H ity f(I) ma - E b oo o o -
'+ Data Measurement | N
] ] a ; e——
BOO - e s o A b ] Ce L T,
3 600 e e T e "
o |
P S B I N _ s -
5 E E E E == Cutoff = 10.0 MeV
=— Cutoff = 5,0 MeV
H H H = Cutoff = 2.5 MeV
| % / Cutoff = 2,0 Mev
2005 P R Extracted Parameters: | / _ gﬂggfig m::
| | | | a = 0.341+0.001 MeV/[a.u.] 8 . ks
| | | b = 2.467 +0.649 MeV 0 200 00 e 800
NI e 2 /dof = 3022/ 3 | &
B E— N R S S — _ * Correction by Geant4
e | é : :
T S S S ——— A - simulation
E O B R S—— e R : . o
= I R R I _— _ * Non-linearity in the
3
G B — s s SR Lo I ] order of 1 MeV
0 500 1000 1500 2000 2500

Sum Value [a.u]
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Beam Tests with the EMC Prototype

High rate measurements

450 ! Dead Time of the EMC Prototype
aooll T Rpet. (Rsei , T, F)_ﬁ _________
+  Detector Rate Measurement - e Plastic scintillator
35 0 S SO S S SO SOS -oFOUE SO SSPSTO i
- i with PMT readout as
o e | reference
< P  Dead time of the EMC
E 150 / ........ prototype:
100 /// ~| Extracted Parameters: | = 464(13) ns
ol JiiMeaio0ny | * Pileup probability at
x*/dof =47.64 7
0 i 100 kHZ:
1.5
N 10 i - A N ——— 1 P100kHz = 443(12) %
£ o : 5 : ] ! . ] ° Amplitudes?
3 —0.5 T i
I : -
_1'50 100 200 300 400

Scintillator Rate [kHz]
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Beam Tests with the EMC Prototype

Amplitude Restoration

Event Types (Simulated Trace) 10000

Event Types at a Detector Rate of 110.35 kHz

Type 1 Type 2 Type 3 Type 4

' 9000 Measurement

4000

- 8000 I /nger Order Plleup\

2000 7000

LSt . -

10

‘ 6000

5000

niva A/

vV \ VARV \ o

Signal [ADC]
o
‘\H\‘HH‘HH‘HH‘HH‘HH

TTTT

—— Primary 2000 . 1
— Secondary C -

—4000n Tertiary \ 1000%'
-  Amplitude C -

i’-‘h'\?—r‘w'\l\\‘\#"\\‘FT\\‘\\\I‘\\\\‘\\I#‘\\\\‘I\\\

0 2000 aoo 0 . e % 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time Between Hits [ns]
Type Description A [ns] | Prookaz [%)]
1 Secondary pulse after decay time of primary pulse | > 1500 86.07
2 Secondary pulse within rising edge of primary pulse | < 450 4.30
3 Secondary pulse within falling edge of primary pulse | > 450 9.45
4 Tertiary pulse on type 2 or type 3 - 0.97

HI|M Hewmiourz 303,
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Beam Tests with the EMC Prototype

Amplitude Restoration Amplitude Restoration at a Detector Rate of 110.35 kHz

H:orr. = HI‘;EBS, i E(Hieas,?Hr‘;eas.? ﬂf)

..... - ype 2 Events (Not Correctable)

ent

Measurem

Amplitude Restoration Function

- . R . S : ' Uncorrected Type 3 Events

— — — e orrected Type 3 Events

ncorrected Single Channel Spectrum

50000~ T orrected Single Channel Spectrum

Type 3 events 1 o
(secondary pulse - o
within falling edge of
primary pulse) are
already correctable

= Piookn, = 4-43(12) %

N

=5

7000

1000 2000 3000 4000 >000 Er?w%ﬂtude[a.u]
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Beam Tests with the EMC Prototype

Summary measurements

www.hi-mainz.de

Parameter Achieved Value TDR Unit
Worst Typical Best

Rel. En. Res.

op/FE at 1GeV 2.440(14) 2.207(6) | 2.190(2) | <2.5 %

Constant a 1.23(21) 1.08(14) | 0.95(61) | <1 %o

Statistic b 2.02(65) 1.83(45) | 1.78(30) <2 \/Egéﬁiﬁ

Noise/Ch. ¢ 2.14(9) 2.02(15) | 1.92(60) <3 MeV

Non-Linearity

Maximum 2.22(36) 1.26(24) | 1.21(19) - Yoo

Timing

Dead Time 7 - 464(13) - - ns

Pileup PiookHy 12.9 (w/o corr.) | 4.43(12) - ~1 %

Highest Rate \ - - 375.4(6) | 100 kHz
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Summary and Outlook

Summary:
* APFEL ASIC preamplifier pulse parameter extraction

* FIR

e Hit detection

* Amplitude extraction
* Timestamp

* Pileup correction

* Extensive studies by using simulations
* Simulation framework generates realistic baselines and pulses

* Defined conditions for parameter extraction validation
* Noise hit rate, efficiency, time resolution, linearity
* Firmware development for the PANDA SADC
* Extensive studies by performing beam tests
e Relative energy resolution
* Linearity
e High rate measurements - pileup correction
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Summary and Outlook

Outlook:

e Using results from "clean" X1 measurements as input for simulation
framework

* Add background from Phase-0 test measurements

* Determination of relative energy resolution as function of the beam
current for Phase-0

Background
Function

. 4

Simulation Framework
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Backup

Amplitude Restoration at a Detector Rate of 110.35 kHz

Type 2 Events (Not Correctable)

Uncorrected Type 3 Events

Corrected Type 3 Events
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