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TDC Concepts =5 I

ASIC FPGA TDC
Radiation tolerance Flexibility
Low power Tailored to needs
Small solution size Off-the-shelf components
Fast / low dead time (availability)

No clear winner
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FPGA TDC - Architecture =55 I

hit

Edge-to-pulse input stage

(stretcher) . TDC
. . stretcher Channel
Tapped Delay Line (TDL) as fine E;
time interpolator | Ti’L |
. . . : coce Coarse & Epoch
Decoder for time information: | Decoder {7 counter
. wr_en data
thermometer code — binary ‘ \
Ring Buffer
Run-time counter (coarse and R I
epoch counter) for continuous Sl ldaxa
measurement range Readout request
Slow control Readout Controller
Data 4ﬁ

Ring buffer for hit history in
triggered readout Schematic view of the TDC arcitecture [1]

GSI Helmholtzzentrum fur Schwerionenforschung GmbH Henning Heggen - Overview GSI TDC-Systems 3



Tapped Delay Line

Look-up table (LUT)and carry 1 Lo eqbo aq bo i
chain as delay element T s —‘ 1 j _‘ ........ -
Shortest delay element (bin) stor. | | —
in FPGA ° ° @ o

Tapped Delay Line method with common stop signal [1]
Placed manually

Start signal (pulse edge) %ﬁ%ﬁﬂ

propagates along delay |Ine Slice 0 E Slice 1 Slice 2 Slice 3
and is latched at every LUT l l| l‘ N l\ i‘ l| n
on
Propagatlon IS Stopped by Programmable Function Unit (PFU) of FPGA
common stop signal
200 MHz clock for min. skew | hl't “l't
C NI 4 | - >
. . . 0
Time information composed out 3 »
of fine time from delay line and ' : 2]

run-time counter values }
At = (teg + tey — tra) — (ter + ter — tr1)
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Bin Widths / Non-Linearity I= =1l

Delay elements (bins) very
non-uniform

Avg. bin width: 20 ps
Max. bin width: 50 ps

Improvement through
Wave Union Launcher [3]:

Bin width [ps]

Pl R S U | S ST S R T T . |

. L. 100 Bin number 150 200 250
Send r_nUItIple tr_angltlons to Bin width histogram (“box diagram’)
delay line per hit S|gnal of TDC with single transition [2]
Trade-off: Precision vs. 5o
number of CH / dead time a0
For two transitions z °E
Avg. bin width: 10ps S
Max. bin width: 35 ps " wf-
But non-linearity even worse s i
- Pl S A PLELr | LU I s .51 | LR '
- s e 00 100 200 Bin numbe:iroo 400 500
—I I_I g Bin width histogram of TDC with two transitions [2]
1100111111 ...
Wave union TDC: One hit, two (or more) transitions Bin width, = T e * Npin / Niot
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FPGA TDC Performance =55 I

Entries 513746
Mean 3.8504

40000

Precision (calibrated): 10 ps s RMS 0010313
(between two channels w/o o
fitting or cuts of the data) £ ot
Min. pulse width: 500 ps :
(for 100% efficiency) oot
Dead time: Td =30 ns Time differeT;]mge[ntS)]etween two

_ TDC channels for coincident events [1]
Up to 64 CH per FPGA (Lattice
ECP3 150k) i
TDC can be configured for time- ] —
difference (ToF) or pulse width / £ w
time over threshold (ToT) ol
measurements s

—%{}0 -500 -400 -300 -200 -100 0 100

Time [ps]
Measurement of signal delay
for different cable lengths [1]
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FPGA TDC Calibration =55 I

Due to intrinsic non-linearity of
delay line, calibration is
necessary for best results

Precision, RMS [ps]

Look-up table with bin widths
calculated from set of random =
h|tS (“bOX dlagram”) 1 100 10000 100 000 1000000

Number of hits used for calibration
— * Precision vs. number of hits used for calibration [2]
BWn - Tc |\Ibin / I\Itot

lock

Delay line (bin widths)
temperature dependent

Calibration needs to be
updated with temperature
changes

Precision, RMS [ps]
g

30 35 40 45 50 55 60 65 70 75 80

Temperature [°C]

Temperature dependence of precision with & w/o recalibration [2]
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TDC Hardware — TRB Platform

TRBEE ...

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Platform for TDC measurements incl.
data readout & analysis tools

Central FPGA as trigger system & GbE
controller
4 peripheral FPGAs with up to 256 TDC
channels total
Flexible with many add-ons & front-ends
Hubs to connect multiple TRBs
NIM/ECL input
ADC
Standard 100mil pins (LVDS in)
Adapters for various front-ends (FEES)
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TDC Hardware — Front-Ends =55 I

PADIWA

Pre-amplifying & discriminating FEE
16 CH
Amplification: 20-30 (depending
on amplitude)
Timing precision: ~30ps RMS

. . F dified —— ]
Dynam|C range. 250 140 ¢ 10pF. 32db atten., gain 20 (1 4KOhm) —c— 1
120 F 47pF, 30db atten., gain 20 (4000hm), threshold 1TmV —¥k—
Up t016 PADIWA per TRB 7 . X 47pF, 30db atten., gain 20 (4000hm), threshold 2mV ——
@ 100 :
0:~ C h

5 8oL

8 F

5 60 [

5 -

5 40F

& -
20 F ]

ot ' :
0 5 10 15

Input signal amplitude [mV]

TRB-PADIWA timing performance
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TDC Hardware — MBS DAQ System =5 I

2 Gb/s optical interface via PCle card

Up to 4 optical readouts per PCle card with 200 MB/s each

Slow control over same interface
19” crate system with up to 19 modules (smaller backplanes available)
System is scalable and well extendable (VME readout included)

Various front-end modules
10 ps FPGA TDC System
50/100 MHz 16 CH ADC modules (500 MHz planned)
128 CH ~300 ps RMS TDC module coming soon

Optical PR, o Lo | |s
fiber S o o o

Example: Readout of crate system via PCle card

More information on MBS DAQ:
https://www.gsi.de/en/work/research/experiment_electronics/
data_processing/data_acquisition/mbs.htm

Trigger
(NIM)
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TDC Hardware — TAMEX Front-End =55 I

TAMEX FPGA TDC system Up to 32 channels per FPGA/
BB module (LVDS)
i Pre-amplifying & discriminating
front-end with the PADI ASIC [4]
16 CH leading & trailing edge
Channel dead time: T, = 20ns
Amplification: ~200
Accepts signals down to few mV
External clock for synchronization

o
2
T 60 T ——————
S 551 ' Threshold 1.2 mV —+—
2 5ol Threshold 1.7 mV
© Threshold 3.2 mV —%—
4 8/ o =
5 = 40+
/¥ " 2 c
// v 35+
' i A i 2 30
/ 7 2 sof * <]
y:: 8y Q 25
[ i R L) 3 2 .1 % 20 +
\ X, c 15 - ! ’
| ' - s 10 _— ‘
JI . o 10 100
; g UL ' . a Input signal amplitude [mV]
Modules with PADI discriminator front-ends in crate TAMEX-PADI timing performance
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TDC Hardware — VME =5 1L

VFTX - VME FPGA TDC X=10ps

Inputs: LVDS, ECL, NIM

Different TDC implementations available:
16 CH, 7 ps RMS leading or trailing edge
32 CH, 10 ps RMS leading or trailing edge
16 CH, 10 ps RMS leading and trailing edge (ToT)

Channel dead time:
10 ps designs: T, =40 ns
7 ps design: T4 =300 ns

Synchronization of multiple modules via
external 200 MHz clock
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GET4 TDC ASIC

GET4 — GSI Event driven TDC 4 CH
4 CH LVDS in
Delay line with 55 ps binning
Diff. non-linearity: better than +/- 1 LSB
Precision: ~26 ps (w/o calibration)
Dead time: 3.2 ns
Min. pulse width: 500 ps
Leading edge & ToT measurement
Free-streaming
Radiation hardened
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More information:

https://wiki.gsi.de/pub/EE/GeT4/get4.pdf

107

106

Entries

10°

104

'

R A |

hTimeDiffPulserChose...

Entries 10053516
Mean 125.0
Std Dev 26.88

1 [N NN

1 1 1l 1
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Time difference between two channels for coincident events [ps]

o o
= 2]

o
LS

Differential non-linearity [LSB]
&
o

o
a

o
o

=]
T

40 60
Bin number

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Henning Heggen - Overview GSI TDC-Systems

1 L1 1
80 100

13




Questions? === 1K

Thank you for your attention!

Contacts:

General / TDC: Henning Heggen — h.heggen@qgsi.de
TRB Platform: Michael Traxler — m.traxler@qsi.de
MBS DAQ System: Nikolaus Kurz — n.kurz@gsi.de
GET4 ASIC: Holger Flemming — h.flemming@agsi.de
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Stretcher & Single CH ToT Measurement

Delay line requires input
signals wider than one clock
period

Semi-asynchronous edge-to-
pulse (EtP) stage at every
iInput

Delay circuit allows serial
measurement of both edges of
a pulse in same CH

More channels but longer
dead time: 30ns — 70ns

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

leading edge

. —» EtP ——m
hit '
— Delay line
e EtP — Delay — v
trailing edge Readout
hit_in

1 D Q D Q a D Q'—b

hit

mauEn B

| clk clk

Semi-asynchronous pulse stretcher [1]

hit I: PW>20ns :I "
i
hit 1 I |
— /L
LA
hit t | I
— /L
[
hit_d ¢ stretching>20ns .I—L
— A
1f

Timing diagram of the ToT measurement with stretcher [1]
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FPGA TDC Potential

FPGA TDCs can be very precise

But everything comes at a price

Trade-off:
Precision
Number of CH (FPGA resources)

Channel dead time
(conversion time)

GSI Helmholtzzentrum fur Schwerionenforschung GmbH Henning Heggen -

=MW
9)[@]é)[e]é)[w]

OX XXX X
~
-
-
»
N
T
72
Y
=
w

Hit Count

— T T T T T — —

Hit Count
OX XXX X
nnnnnnn
W
~e
=
>
(=]
o
w
A
=
w

‘g%t 2 tr.
9,6 ps RMS

S ek P

= 3Kk

T 0
IIIIIIIIIIIIIIIIIIIIIIIIIII
OO O OO OO OO0 OO0
MOOODO~~TANMTW OMNSOWOD®

- 13k

S 10k 1 tr.

3 8k 17 ps RMS

O 5k

= 3k

T 70
IIllllIIIIIlIIIIIIIlIIIIIlI
[eNeoNeoNoNeoNolNoNoNoeNolNollollo]
MO OO~ NMTWOMNSOOO

— — — — — — — - — -

Time Interval [ps]

Measured precision for different
TDC implementations on VIRTEX4 FPGA

Overview GSI TDC-Systems 18



FPGA TDC Non-Linearity

LSB

25

TTTTITTTT]TTTT I|II|IHI

L)
m
TTTT]TTTTTTTI

L | L L L L | L 1 1 L | L L L L | L I L 1 |
100 200 400 400 500 bin

Differential non-linearity of the FPGA TDC [2]
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Integral non-linearity of the FPGA TDC [2]
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TDC = ASIC vs. FPGA-TDC =550

GET4 ASIC (GSI EE-ASIC)

ASIC FPGA-TDC
Radiation tolerance High precision
Power consumption Flexibility/ Firmware updates
Self-calibrated Availability
Dead time 3.2ns Price
Price Power consumption
Availability can be an issue Calibration necessary
Flexibility Dead time 20ns (or higher)
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TDC Hardware — Front-Ends

RMS precision of one PADIWA channel / ps

PADIWA
Pre-amplifying & discriminating FEE

140 |
120 |

100 F

20F

16 CH

Timing precision: ~30ps RMS
Amplification: 20-30 (depending
on amplitude)

Dynamic range: ~250

timing performance of PADIWA with pulser input
2.5ns risetime, 2.5ns falltime

80 F
60 F

40

A ' ' unmodified —— 3
10pF, 32db atten., gain 20 (1.4kOhm) —¢—
\ 47pF, 30db atten., gain 20 (4000hm), threshold 1mV

! 47pF, 30db atten., gain 20 (4000hm), threshold 2mV

1 " i " 1 i "
5 10 15
amplitude of input signal / mV
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PADIWA-AMPS

charge resolution [%]

PADIWA + Charge Integrator
Charge measurement by ToT

8 CH

Rel. charge resolution up to 0.5%

PaDiWa-AMPS: relative charge resolution
T T T T

T T T
fit: f(x)=al/x —
% »
L
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

charge [nC]
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TDC Hardware — Front-Ends

PADIWA PADIWA-AMPS
Pre-amplifying & discriminating FEE (16 CH) Charge-integrating FEE for charge
measurements by ToT (8 CH)

Signal _J—L > b!::;;::sg:ﬁ; = Discriminator »{ TDC
Detector signal any peaking time ast signal time. width
wide range A 4
_/\ .
\r Integrator Discriminator »{ TDC
FI J_ — PWM (DAC) Integrated signal width ~ charge
IEEK 0NN e g - g L
— Large R Constant discharge Delay 1 |«
FFE FPGA
FPGA PaDiWa-AMPS: relative charge resolution
) R " fit: f)=aljx —
35k 4
Timing precision: ~25ps g T
5 2sf
Amplification: ~20-30 (depending 3 o
. 2 1s5f
on amplitude) B
Dynamic range: ~250
0

charge [nC]
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Precision, Resolution, Accuracy? =5 I

Reference value

3

Probability Accuracy
density B

I

< — *» Value
Precision

GSI Helmholtzzentrum fur Schwerionenforschung GmbH Henning Heggen - Overview GSI TDC-Systems 24



