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Introduction: TDC Requirements \

>
>
>

Time interval (Tl) measurement is an important requirement in various physics experiments
Increased readout channels, improved timing specifications (<100 ps).
This increases the complexity of readout electronics in terms of time resolution, readout

channels, space, and power consumption.

These complex requirements are well complemented by advancements in integrated circuit
technology in the form of Application Specific Integrated Circuits (ASICs) and Field
Programmable Gate Arrays (FPGAS).

\ ' | Front —End Time-to-Digital : |  Backend

:: DA =
Detector ! Converter(TDQC) | Q Event building

electronics

ASIC based TDC FPGA based TDC



Introduction: TDC Applications

Application/ High-energy physics | Nuclear physics | TOF Mass Laser range
A . . . TOF-PET
specification experiments experiments spectroscopy | finding (LIDAR)
Silicon strip and pixel _ Laser Fa_st_ :
Scintillator, : : scintillators like
detectors, MWPC, : Microchannel | transmitters and _

TOF detector : Semiconductor . LYSO: Ce,
straw tubes, drift detectors plate (MCP) optical detectors, LSO. and
tubes, RPC, TPC SPAD ’

LaBr3

Time Resolution ~ sub-100 ps ~ 400 ps < 100 ps < sub-100 ps ~ 400 ps

Dynamic range ~ 10 to 100s of us 500 ns 10’s of us 100 ns (meters) 10 ns

No. of channels large less less less large

No. of hits 4t08 1 128 1 1

Mode Trigger matching Normal START- Common Normal/STARTS | Normal/START-
mode STOP START TOP STOP

Raman fluorescence spectroscopy, Time-correlated Single Photon Counting(TCSPC)
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Detector characterization ..
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Introduction: TDC Definition

Definition Specifications

« Elapsed time interval between two or more events _ TeChn'queS
* Resolution (ps)
» Analog
A two-channel time interval measurement using TDC . Dynamic range (IJ-S)
START _ _ * Vernier
Front-End Electronics | | « Conversion time (ns) _ _
S _ _ Interpolation techniques
. _ Discriminalor IR  Linearity _
?|  Detoctor Pre-amphifcr e T ) e o « Tapped delay line (TDL)
Incident L o digital * Precision (ps) _ _ _
paticles T comverer Y « Differential delay line
Discticicatoc N Dglldata | « NO. of Channels _
Defector Pre-amplifir o 5 O _ » Multi-phase clock
Tmepickoffcireuit || || * No. of hits per channel
I_l » Operation mode
STOP .
* Power consumption

Resolution (LSB) (ps) Representation (time scale)

] |

Time : /
Dynamic range (ns or s or ms or s)
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Timing diagram for dual hit time measurement

CLK J L

Ref. Channel . - o

Global tick | : Ter : :

Ty — B 0 (CO>T0 - 1
a= Nf ref *T (ref) : o Tp1=Nf x> T (x)
: ~ ‘ TbU:NGf_xxf(x)
Channel-x : hit0 thit1
_________ Thito =Ta + Tco - Tho
Thitl G

Lvidth = Thitl - Thito

Equations

Thito = (CC) X TO + (Nf_ref X T(ref)) - (ij_x X T(x))
Thitr = (CC) X To + (Nf rof X Trefy) — (N X Tx))

Twiath = Thirr — Thiro
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A sliding scale technique

,14 515
OF=0 OF =1 OF =0
ot
Count FlSFlS _________________
f <———Coarse count (CC) =N’ - N, ref
Casel f ; B
Case II '___ CC = FS + }\Tﬂc_x - Nc_ref
Case II1 f= CC=FS * N x-Ne ref
Case IV - cc _NGC x—- Ne ref

* Free running counter -no need to reset the counter
« Sliding scale technique
« Continuous measurement without loss of events

» Trigger Matching mode
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Introduction: Key points in TDL Based FPGA TDC

Corresponding @ ; @ . .
timing signals of the Tap ped Del ay line Calibration
global tick/hit0 — *  CARRY4 * CARRY4 " RCARRY4 © (CARRY4 statistical code density test
L L e
N et ° ° ° o : . EREEEEEES : 0 o Average Bin-width calibration
: 'f E S q= g

R R R R
> oLk > cik > oLk > oLk _
T Tisp= To/ (Knax)
rese

------------- Suitable for mid-resolution TDCs (~ 50 ps)

Enable signal from

CLK 320M data latch circuit
(Ref.Clk.) ] Code converter
m Cell-to-cell or bin-to-bin
CLK 160M (Auxiliary Clock) Nf ref i .
A calibration method
Fd x . )
B Simple view of c I ; feach b
umulative weigntage of each bin
@ Kmax X Ty = To FPGA floor plan ghtag
A A A A A
K. - NO of delay elements required to cover one T, Required for Ve(r<y Zl‘;g;‘S;eSOI“ti°“ TDCs
CARRY4

Delay line calculations chain |-

Trade-off : Clock frequency Vs. No of delay elements
Vs Power consumption

No. of columns decides No of
channels to be accommodated

05-02-2026 TIPP 2026, TIFR, MUMBAI 7




Spartan-6 FPGA TDC: 129 channel TDC with 82 ps LSB \

System Block Diagram and Board

@ Interface to HV (d) FPGA Placement (b) Precision of all channels for input time inetrval of 30000 ns
Trigger system Interface 75" Y e ®
- s T UHRTSPI g 5908 54 5% 82 8 53 54 (87 54 49 5 5 5449 54 55 !
1 < FPGA Remote
: . Interface o
) SPI |_ Configuration ]] R E Loy
8 L‘;\DS I!. * SPII gg 53 50 51 54 52 50 51 53 52 51 50 53 54 51 50 50 52 54 52 53 50 53 51 E
N Yilinx 24-bit EPI) ARM Cortex-M4 Z§ a é‘{ 52
|_> C L\DL;’ Spﬂl’tﬂﬂ-ﬁ QZD Micro Controller &,g 50 51 49 55 50 52 52 49 50 51 50 51 51 53 51 56 s QWM s 52 5150 52 g
FEE H FPGA ’ (LwIP Stack + 6 a5
Interface Timb 1 AN Th}: SPI Ethernet MAC) e
1]; [ﬂpu“v Data @ @ (g 55 51 82 52 56 5 55 54 50 51 50 52 55 52 52 52 50 50 54 51 53 52 50 8 50 5 50 50 *
D 8-CH, 4-Hit/CH Y e 1I B 5 e . %
S TDC ASIC Etherent ’ ° N ° Chai?'lel number ® 2
— * Single-shot precision of 46 ps
@ @ (0.49 LSB) to 58 ps (0.68 LSB)
= across channels at 30 ps input
LVDS inputs > HS Inptt.
. | « 7 mW/channel power consumption
FPGA Placement of 129- For detailed test results
channel TDC .
please see the slides 19-21
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Spartan-6 FPGA TDC based DAQ with drift tube detectors

Drift tube stack Wlth ANUSPARSH FEE User interface

P Tool: Help
[ o .
a6 | s 4 |m| s | | | e | s | a7 | s6 | us | sa| 3| 52| 1| EFFICENCY/TOCPL | EFFICENCY/TDC.P2 | TDC_DEBUG Effl Cle n Cy

= TRIGGER_COUNT DT_COUNT % Efficiency RUN TIME (s)
0.0+ ount 18 |0

ount 1910
=H= ount 2010
oo o ,:— Timing Spectrum | _Gitogr) [
ol count 23120 i::-
K- ount24 3 1604 i i |
— o Timing Spectrum

© 10

18- 3 h::_
0.0+ 60
e “
o Random Event Rate :

2 8 2B ¥ 5
S = 2 3
i fri g Ard
cliclc
o oo
= =T
Drift Time(nS)

DT2 RATE . S —— s

= .u"'“‘
T 5 - 2

63'81 DT RATE | 0 e

40.0- o - p—>

200 6 01 02 03 04 05 06 07 08 03 1 11 12 13 14 1L

0.0-, Drift Distance (cm)->

7 5000 5500 6000 6500 7000 7500 8500 9000 9500 10000 10500 11000 11676
rime © T

‘ Measurement results for 30 mm OD Drift Tube Detector @3100 V

|
|
count17/0 |16739 3868 123.1077 10062

LVDS
Interface Board

 DAQ parameters like rate, efficiency

measurements, trigger processing along with time

128 channel FPGA TDC based DAQ measurement in a single FPGA.
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» Moving Forword-> Focus

Migration to 7-series FPGA
SoC Approach

High resolution: ~ 62 ps
Very-high resolution: ~ 32 ps
Ultra-high resolution: ~ 16 ps
Long range TDC : 1.5 seconds

> Conclusion
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Bring the processer,
TDC and DAQ logic in
the same FPGA

start1
start?
stop1
stop2

>
sys_diff_clock [Py—t—I||+ CLK_NID  ck_out1
reset [F—

LabView Based
Data Analysis

jsr_tdc_ports_0

DvIvIv

microblaze_0_axi_periph

N »
U+ s00_ax

—— ACLK
microblaze_0_axi_intc L

fee| ARESETN

. —=| SO0_ACLK
|4 =_axi -

———] s_axi_ack
—— MOO_ACLK

s axi_aresain i
intarrupt 4= ||_

inir (0]

| MO1_ACLK
y—— prosassor_ck

rst_clk_wiz_1_100M

clk_wiz_1

lockad

Clocking Wizard

Clock Manager

slowest_sync_clk
aM_raset_in
aux_resat_in
mb_debug_sys_rst
dam_locked

mib_resat

bus_struct_resat0:0]
peripheral_raset[0:0]
interconnect_aresetn[0.0]

a)

MO1_ARESETN
p—— MOZ_ACLK
MOZ_ARESETM

—= procassor_rst

AXI Interrupt Controller

AX] Interconnect

Processor System Reset

microblaze_0_xlconcat
F
000 doutfan]

Concat

microblaze 0 microblaze_0_local_memaory
mdm_1 Fy M L
-—H + INTERRUPT U1 o
MBDEEUG 0 + |} {||+ pEBUG M . Bl - o o
Debug_SYS_Rst Ch ICroplaze. Y
M_AXI_DP o[
Rasel .
MicroBlaze Debug Module (MDM)

MicroBlaze

MicroBlaze

soo_areseTn MW woo ax 4
H—E MO1L_AX +

jsr_tde_ports_v1.0 {Pre-Production)

axi_uart18550_0

H s_Ax

MOO_ARESETN .ﬁ. MOZ_AXI 4 i

AX] UART18550

UART

UART +[[l——3 rs232_uart
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Artix-7 FPGA TDC: High resolution (~62 ps(LSB))TDC \

On board S o> Clk Ref Clk _Ref Coarse
clock i C|k_AUX I Counter "
Clk_Ref Clk_Aux Clk_Ref  Clk_Aux
Gt | e I A LAy
oDa I 1 1
-egat , Etji:; T » _ » Bit latch Enable] Coarse register |,
fese : -1 J_ Tapped Delay Llne Enable alld CDlﬂTDl nable | :
| : g REG tick b circuit S N
T ! ‘ ‘ ] Local reset N ) '
Reference || || Nerer OF + N, o :
Jhit ; 7 E
' Reference Channel TDC data word ] o
I e e e e e e et e == = AR | 1 TD
: readout
buffer

Challenges:

« Synchronization between delay line and coarse counter data
« Capturing delay line data considering free running counter.

« Estimation of bubble errors

Carry chain structure in Artix-7 FPGA
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Single Shot Precision

Design Values:

» Reference clock frequency : 200 MHz

» Reference clock period (Ty) : 5 ns

* No of delay cells firing to cover (T,) : ~ 80
* Resulting LSB across channels : ~ 62.5 ps

Applied time vs measured time:

I/P time (ns) O/P time (ns)
126.9 127.040

127 127.136

127.1 127.232

127.2 127.327

127.3 127.423

127.4 127.529

05-02-2026

127.6
1275
l°§’ 274 e
1273 .
E_ ......
o122
1271 e

127
126.8 126.9 127 127.1 127.2 1273 1274 1275

I/P time (ns)
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Artix-7 FPGA TDC : Very High resolution (~32 ps (LSB))TDC

Carry chain structure in Artix-7 FPGA

--
* gl 5 oo -

Design Values:

« Reference clock frequency : 200 MHz
» Reference clock period (T,) : 5 ns

* No of delay cells firing to cover (T,) : ~ 158
* Resulting LSB across channels : ~ 31.6 ps

Applied time vs measured time:

I/P time (ns) O/P time (ns) Std. Dev. (ps)

127.1
127.2
127.3
127.4

127.130
127.217
127.321
127.424

0.037
0.036
0.036
0.033

Histogram Graph 4 histogram count |u™m

127.5
N
£127.4
(ab)
£ 127.3
F__
o 127.2

O
127.1

count

=
1

I I I I I I
126 1265 127 1275 128 1285

127

Single Shot Precision

gs888

T| me (nS) amplitude

Input vs output time In

127.1 1272 127.3
I/P Time (ns)

mean (ns) 4 127.42

std.dev (ns) 4 0.033

time(ns) 4 127432

c ~33ps

NS

127.4 127.5



Artix-7 FPGA TDC: Ultra high resolution: ~ 16 ps (LSB)

Carry chain structure in Artix-7 FPGA Design Values:

* Reference clock frequency : 160 MHz

» Reference clock period (T,) : 6.25 ns

* No of delay cells firing to cover (T,) : ~ 388
* Resulting LSB across channels : ~ 16.1 ps

Challenges:

» Timing closure is difficult

« Synchronization between o0
coarse and delay line data. 1800

- - - 1600

« Optimization of clock frequency 1400

T 1200
and number of delay lines. o0

Timing histogram

Count

800

Time is calibrated using bin-to-bin 0

calibration method using weighted 20

0
average of each timing bin.

Ref: J. Y. Won et.al. IEEE Transactions on

Instrumentation and Measurement, vol. 65, no. 7, pp. Qv
1678-1689, 2016 S

Time (ns)
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Artix-7 FPGA :

Long range TDC tested up to 1.5 s

By increasing the coarse counter
bits (to 32 bits), and keeping the
same LSB (33 ps), the TDC was
designed for large dynamic
range

For list mode continuous time
tagging applications

SSP(0) less than 100 ps till 5 mS
range.

05-02-2026

Time (s) Shot precision (ns)

0.001
0.005
0.01
0.05
0.1
0.5

1

1.5

0.088
0.086
0.111

0.33
0.622
2.635
5.433
7.235

Input time (s) Vs single shot precison (ns)

N ~ » (0 0)

o

Single shot precsion (ns)

0 0.2 0.4 0.6
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Time (S)
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1.4

16

1.6



During the development of high resolution TDCs following features required for many
experiments are addressed

7-Series FPGA
Integration with existing DAQ logic
TDC resolution (LSB)
(62 ps/31 ps /16 ps)
Range
(up to 1.5 second)
Modes
(Trigger matching)
Multi-hits
Multi-channel
(up to 128)
SoC Enabled
Average bin width or cell-to-cell
In system calibration

NENEN

SENENENE ENENENEN
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Linearity
« Time inputs are swept insteps of LSB up to 300 ns

* DNL within £ 0.5 LSB

* Achannel per decade in R & B groups is shown

R o7y
7 @ 035
~ - 0
| |
-0.25
S & 05
-0.75 -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ns) R:20:DNL
0.75
) @ 05
b | 0.23
o o :
-0.25
A & 05
-0.75
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ns) R:30:DNL
0.75
é 0.5
0.25
S 0
5 025
a -05
-0.75 Ry &
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ns) B:20:DNL Tume (ns) B:30:DNL
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Linearity

« Time inputs are swept insteps of 20 ns up to 40 us (DR)

* DNL of CH-1of R-,G-, B-, and Y-groups : + 0. 45, £ 0.45, £ 0.35, £ 0.5 LSB
« INL of CH-1: [-0.49, 0.84],[-0.65, 0.70], [-0.59, 0.59], [-0.50, 0.83] LSB

» First channel of R & G groups is shown

40000
,;,ssnuu
VSGGOG'

25000
%20000
E 15000

10000 -

5000
0 T T T T T 1
0 5000 10000 15000 20000 25000 30000 35000 40000 0 5000 10000 15000 20000 25000 30000 35000 40000

Time (ns) R1:DNL Time(ns) RI:Lmearity

y=1x+0.226

DML (LSB)

40000
— 35000
£ 30000 -
,;mwﬂ’;naq-ﬁ ) g 25000

o 3 20000

15000

10000 |

5000

y=1x=1175

1I' > -P;"I

DNL(LSB)

2
[]

0 5000 10000 15000 20000 25000 30000 35000 40000 0 5000 10000 15000 20000 25000 30000 35000 40000
Time (ns) G1:DNL Time(ns) G1:Linearity
|
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Precisions: Time spectrums

30000 A 250004 M =30000.255 ns
=509 ps
1 u=30.204 ns

. 20000 -

20000{ 0=44.8 ps
e £ 15000 ":5,
3 150001 3 S
0 0 ©

10000
10000 1
5000 4 5000 -

04— - - T T - - -
-1.00 -0.75 -0.50 ~-0.25 0.00 025 050 075 100
Time (ns) +3e4

CH-1, R-Group @ 30 ps time input

| 29.00 29.25 29.50 29.75 30.00 30.25 30.50 30.75 31.00
Time (ns)

CH-1, R-Group @ 30 ns time input

L
Bamt- Entries: 759518 -
- Mean: :::ﬁ : 20285
400; _ 7.314 ns s | 1.7 ps /mV = 2028
- Sigma: g ':::: ~ e _ 275
I 43.8 ps § 13248 = E wm
200 ( = 13246 5 20265
L ' 13244 = 02
N \ 13242 *
100, 1324 20255
B 1.16 118 1.2 122 1.24 1.26 2025
C I [ | | T I ||
066 68 7 72 74 76 18 8 82 84 Voltage (V) 20245
Time (ns)

Measured Time with voltage
The long term (continuous operation of
more than 8 Hrs) time spectrum of the
TDC channel-1 of the Y group
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250001 | =20.251 ns

0=45.03 ps

20000

15000

10000 -

5000 4

04— - . - T
19.00 19.25 19.50 19.75 20.00 20.25 20.50 20.75 21.00
Time (ns)

Pulse width measurement

Variation with voltage and Temperature

T0

* Mean 4 Precision . N ! ‘ 0

v .

Lt Precision ©

. 0.6 ps /°C ©

Mean »

1.3 ps /ﬁg 10

. . . . . s

0 10 20 30 40 50 60

Temperature (°C)

Measured Time and Precision
with Temperature
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Artix-7 FPGA TDC: Characterization

Waveform Graph 10 Plot 0 - |
120.454 - .Wavefu-rm Graph 10 : Plot 0 - .l
120.779-
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N - 120.7-
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119'285_I | | | | | | | | 1 1 | | | l_ _
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Event 2 - Event 2 =
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Waveform GrﬂFl‘h 20 | Waveform Graph 20 Plot O - |
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= £
|_
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Input time swept insteps of 100 ps ) i
Input time swept in steps of 50 ps

with LSB 62 ps



