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|
Upgrade of BESIIl Endcap TOF

» Participate in upgrade of Endcap TOF (ETOF) in BESIII

» Replace the original PMT with MRPC to enhance system time
resolution

» USTC group is in charge of time digitization electronics design &
Test
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Basic method

» Typical time measurement method: amplification + discrimination +TDC

input

Threshold

< In high precision time measurement, leading edge discrimination is

Time-to-Digital Converter
(TDC)

often employed -> time walk exits when signal amplitude varies To

» One charge measurement method: amplification + QTC +TDC

input

—

Charge-to-Time Converter

(QTC) —> TDC

=) Data

Threshold

« Time-Over-Threshold method: convert the
amplified signal to a digital pulse:

© leading edge «+time, pulse width<> charge
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Time digitization module in ETOF
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ization module in ETOF

n Ring

24 CH

Star

(LvDS) &

------ L1 Fanout |

A A

TCK

nrrst - Ctrl

TDI

24 CH

TDO

v JTAG

(LVDS)

nTRST  Ctrl
TDI

s

24 CH

(LvDS) =5

D
E
3

Configure
& Status

Extract

TDC Data

TDC status
FIFO status | TDIG Status
Config status |  Monitor al Fast Control
L1 Trigger J J = Flash
2; econfig econfigure Control =]
(2]
Addr. |, &
Decoder |~ $
FPGA Data VME S
1 Interface Interface
= M
2 U <
» X
v N
LUT RAM
Addr Control —— | Event Builder
Pipeline
RAM

Online Compensation

FPGA




HPTDC

» HPTDC ASIC is employed In |
. Clock PLL 160MHz|
the electronics. e %ﬁf - {coasecourr]

» Itis a high performance TDC Xa

MUX

(time-to-digital converter). "= -—
. tl;“ v Hit regiter 1 ¥ l Trigger interface Trigger
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320 MHz 160 MHz 80 MHz 40 MHz
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Clock

VCO

40 MHz
reference

Delay chain

» Three stage time interpolation: C"‘W'\ {}Phase p—
Vb

. . detector | |pump
< PLL with optional outputs ~ 3 ns T

DLL_current_level[4:0]

< DLL with 32 outputs ~ 100 ps
~ RC delay cells based on RC s | NC LR Lo P | Coarse counter
structure ~ 25 ps é y
NS

A

Hit

» Non-Linearity errors exist

» Correction is indispensable to

R-C delay line

obtain optimum performance




HPTDC

» Since hit is asynchronous with the clock signal, a pair of counters are
employed to avoid metastability, with opposite phases of clocks.

» This technique is also employed in our FPGA-based TDC design.

Offset
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Photograph of elelctronics

Time digitization module Clock module Fast control module



Performance test




INL

» INL:

<~ DNL.: Differential Non-Linearity
< INL: Integral Non-Linearity
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Time resolution — Leading Edge
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Time resolution — Trailing Edge
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Performance

after installation
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' External Target Experiment in CSR of
HIRFL

SSC (K=450)

100 AMeV(H.L.). 110 MeV/(p) SFC (K=69) External Target Experiment

10 AMeV(H.1.), 17~35 MeV(p)

State Key Laboratory of Particle Detection and Electronics 18



External Target Experiment in CSR of

HIRFL

SFC
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Neutron Wall

TOF Wall
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Readout electronics for External
Target Experiment

| PXI 6U Crate \
To DAQ » Based on PXI 6U
<ji Single Board Computer
Y standard:
Trigger module p ¢ TCMM: TOF and Neutron
TCMM 1 for TOF Wall = wall
o

¢ HDTDM: MWDC(with the
Analog Front end)

+ Trigger Module
+ Clock Module

TCMM 2 for Neutron Wall

TCMM 3 for Neutron Wall

AFE HDTDM for MWDC

Star trigger bus

Clock generation module

Readout system architecture

State Key Laboratory of Particle Detection and Electronics
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Time and Charge Measurement Module

» Input amplitude: 50 mV~1.5V
» 16 Channels

» Time resolution: 25 ps

» Charge resolution: 5%

» Data transfer: Master mode

burst write transaction

Photograph of the TCMM
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Time and Charge Measurement Module

x 8 chls
_ x 8 chls

_l

Thredshold
for time I HPTDC
measurement]
TR
|
1

\AAA

>

JLIL

for charge measurement |/

SFE16 |. | HPTDC

_l

| %16 chls

LAAA

for charge measurement

.
>

measurement ” |

FPGA

CPLD ;01

PXI Interface

Thredshold [« g chis
x 8 chls

> Amplifier
» TiIme measurement:
¢ Leading edge discrimination

» Charge measurement:
¢ TOT(Time Over Threshold)
¢ SFE16 chips

» HPTDC chips
» FPGA chips

State Key Laboratory of Particle Detection and Electronics 22



Time and Charge Measurement Module

» Time measurement: oo [ T Ve forcharge
> Vg measurement

R;
. . . . Input
~ differential amplification + Tl > T
THS4500
+

A L = L,
. . . .. . Rt Ver Discriminator
differential discrimination to 550 Il o
G,

. Rs = Rg HPTDC
eliminate common mode

41%10i 82%20 ~
noise and influence T
Yo @ DAC (]
» Charge measurement: B b
_ N A
© Time-Over-Threshold W V. o

(TOT) method

<~ Employing SFE16 ASIC

<~ Amplification, V/I

Shaping

o T e

SFE16

conversion, CSA, shaping,

amplification and

discrimination
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Time and Charge Measurement Module

» Three HPTDCs are

employed. |
) J
» Two working in the very [ _J
high resolution mode are HPTDC#1 1ok
responsible  for  time ' Tzo NTRST
measurement o TDI  Data e
. . ) = TMS e
» One working in the high g HPTPC#2 L L 00Ut
: : 8 TDO nTRST |« y
resolution mode IS vy #
responsible for charge oI Dataﬂ-}l FPGA
measurement. HPTDC #3 TMS ™* Pﬂksc?tét
TCK < ckOu
N These 3 HPTDCS are TDO nTRST = NTRST TD‘IIn
chained together, and

configured and read out
based on a token ring
method.

State Key Laboratory of Particle Detection and Electronics 24



Data readout based on PXI Bus

» PXI Is extended version

of PCI, which features M= = to Trig
. rigger module
mUCh h|gher data I’a'[e SFEL® Controller LUT RAM ECongr%IIerA — Trig=
then buses such as VME. e o module
_ _ HPTDC || @ Readout (€ calibration @ FIFOL
» Star trigger bus is very 100 MHz >
| APTDC FIF02 e SORAM lely spram
good structure to fan out Config Controller
th t : : I t 100 MHz
e trigger signal to — T
multiple  modules in FPGA
hysics experiments et 2
p y p ] DtA Interface 9
» External SDRAM cpo | | Engine (€

provides extra data
buffering to avoid data
loss in special situation.

State Key Laboratory of Particle Detection and Electronics



‘High Density Time Measurement Module

HPTDC ﬁ& FPGA () CPLD (79 > AFE
==

HDTDM + Charge-to-time conversion

> HDTDM

Transceiver

Circuits for high-density time measurement

¢ Fully differential
¢ 128 channels
¢ Time resolution: 100 ps

¢ Master mode burst write

transaction

Photograph of the HDTDM
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High Density Time Measurement Module

=
64 E> SDRAM
Input i TDC
:> Bus -\
—/|Trans |/
| ceiver
ol T
Input| | | |
P
[ CPLD ) X
Trigger |
Clock E'i_,
Input OSsC Distribution
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System test

TCMMaqgfﬁi
' Clock Module=::==
' Trigger Module =

State Key Laboratory of Particle Detection and Electronics
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Time and Charge Measurement Module

Time measurement:

10 : : : : - 120+ — & Before Calibration —0— After Calibration
Before Calibration a
~— After Calibration =~
[} 5 r c
o
2 =
~ =
S 2
Z 0f g
)
£ 20 WW
=
-5 I ' ' r r rr 0 t r r r r r r
0 200 400 600 800 1000 -30 -20 -10 0 10 20 30
Code 0:1023 Delay Time / ns
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Time and Charge Measurement Module

Time measurement;:

50001+ T
40001+ - W 25-.-
RMS = 19.32 P g
[
@ 30000 . 2
S S 20-
o wn
O 2000~ - o
e
£ 15.
10001~ l 1 =15
0 ﬁ_r;__._— _ 3
8950 9000 9050 9100 9150 9200 Channel No 0 0 Input ampliutde (MV)

Time (ps)
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Time and Charge Measurement Module

Charge measurement:

Pulse width (ns)
= N w iy
o o o o
o o o o

N,
\ \
\\
\'\
\\
4\\: A’
\‘\\
\1
\
harge resolution (%)

0 1000
Channel No 0 Input amplitude (mV)

Channel No 00 Input amplitude (mV)
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High Density Time Measurement Module
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High Density Time Measurement Module
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Readout Electronics for TO Detector

» Readout of MRPC
» Channel Number:
<~ Phase I:
- Internal x 2 = 16 x 2 =32 chl
- External x 2 = 24 x 2 =48 chl
- total: 80 chl
<~ Phase Il:
* Internal x 6 = 16 x 4 =64 chl
- External x 6 = 24 x 4 =96 chl
- total: 160 chl
<~ Phase ...

Achieve time and charge
measurement
simultaneously

Time resolution: ~ 25 ps

TDC design based on
FPGA

Based on PXlI 6U
standard

State Key Laboratory of Particle Detection and Electronics 35



Readout Electronics for TO Detector

Differential Cables ~ 10 m

=3 » — | _ PXI Crate
// External TDC | | Internal | | FEE ﬁ@g\g’
/7 MRPC lﬁ ' | MRPC | |
7 MRPC " | Internal | | ] '
| mreC | | FEE —— 2] 7]
PC
! 1 ~
| |External| ! FEE ‘*@‘1\01.
' | MRPC | | -
Digitization @
' |External | | .
‘ ! S LO) NN
TDC i MRPC ! FEE ~10m

» Time measurement. Leading edge discriminator + TDC (Time-to-
Digital Converter)

» Charge measurement: Time-Over-Threshold (TOT) +TDC

» All integrated in PXI crates flexible for system extension

State Key Laboratory of Particle Detection and Electronics 36



Readout Electronics for TO Detector

PXI Crate DAQ
MRPC
Input -
i L LVDS signals PXI
)SI\gnaI —ININD I g Interface Ethernet §
— > T : Controller M@
: Charge-to-Time |||——3J
= = Converter
(QTO)
FEE

» Full differential signal transmission from MPRC to FEE to time
digitization modules

» Using FPGA based TDC for high precision time measurement

» Trigger match and data interface are also integrated in the FPGA
device (Xilinx Artix 7 Series)

State Key Laboratory of Particle Detection and Electronics 37



Front end ASIC: NINO

» Implemented in a 0.25 ym CMOS technology

=
=

» Integrated Circuit is 2 X 4 mm?

» 8 channels

» Differential Inputs (can be operated in single-ended mode)

ﬁ
=
—
e ]
e
S—a
=

» Differential design throughout the channel: differential outputs

» Fast low-power amplifier-discriminator

Parameter Value OUTPUTDRIVER 50 fC threshold
Peaking tlme lns 50(?1-:\7 ‘I—OO fC, 350 fC, 600 fC, 850 fC, 1.1 pC, 1.35 pC, 1.6 pC
Signal range 100£C-2pC 222 ::// |
Noise (with detector) <5000 e- rms O
Front edge time jitter < 25ps rms omv .
Power consumption 30 mW/ch ;gg Ex ]
Discriminator threshold 10£C to 100fC :322 m |
Differential Input impedance 40Q< Zin < 75Q soomv % 1 2 2 —
Output interface LVDS tme fne)

hERREEEARRY: ERMEER RE



Front End Electronics (FEE)

— > 4 stage > Pulse > . —_—
Input Stage ¢ x> . »| LVDS driver
— " J > Amp > Extension > — A— Input R LVDS
—3 output
v I .
I I 8 channels . NINO >
External — sl
resistor A_ Input = =
\ - —_—
. CT)éJTPU'I'fCI?RIVEfFé 5oféc thresgold C C 8 chamnels - Z?Z NINO <
in = 100 C, 350 C, 600 fC, 850 C, 1.1 pC, 1.35 pC, 1.6 p :
500 MV - —_— L 16 channels
400 mV | i\ =
300 mV | OR >
100 mv |
omv J
-100 mv | A— Input LVDS
-200mv | —3 tput
3 M outpu
'282 Ex ] 6 channels Z%Ez NINO 2
-500 mv T T T T T =
0 2 4 6 8 10 A— Input = N
time [ns] ) >
vo— NINO
Pulse width [ns] 6 channels  : ? z?
— —>
10
A Input L = —_—
: ///. — ! >
8 6 channels . %? NINO
7 =
M )\—Inpu‘t i
T < —_—
6 7 = SIMULATION — > PR
51 N 6 channels : NINO
I / A NINO ASIC (150 mV thr) : 24 channels
4 - i ]
ﬂf’ © NINO ASIC (200 mV thr) 1l <
3 l IR
Q
2
1
0 T T T T :
0 500 1000 1500 2000 2500

Input charge [fC]



‘ FEE Performance
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» Time resolution for all FEES is better
than 20 ps RMS

» The output pulse width vs input
charge concord with the expected.
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Time digitization and data readout

» System structure

LVDS signals from FEEs

[———————— — — - -1 - - — — 4 J-—— - — - —

| Hit PXI Crate |

I I

I A\ 4 v I

o I I |

Fiber Time | Time | Time iy DAQ
DA

GIobaI : @ : = SUb digitization = digitization = digitization \ :
Trigger Trigger Trigger | Trigger | Trigger

I I

| Match Match Match PXI |

| 3 | 3 | 3 Controller,

I | Trigger T I

| (PXI Star Bus) l . !

I I

| (PXI Data Bus) |

I I

—_————_——e—ee— e e e e g

» Using star bus in PXI crates to fan out trigger signals.

» Trigger match function is integrated in FPGA-based TDCs.



FPGA based TDC design

» Propose to design high precision TDC using carry chain in FPGA for first time.

IEEE Transactions on Nuclear Science, vol. 53, no. 1, Feb. 2006, pp.
236-241.

CLK
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FPGA based TDC design

In Year 2006, propose to use carry chain for time interpolation, precision ~ 100 ps

In Year 2009, through calibration and INL correction, precision is enhanced to <25 ps

In Year 2011, based on combination of wave union method and real-time correction, precision
is enhanced to 8 ps, without modification of hardware

In Year 2015, based on parallel measurement and averaging method, precession is further
enhanced to .2 ps (bin size~1.7 ps)

el el R el llos - Wave union generator 1200
MUX > s IR
| oscﬁl """""""" Delay Delay Delay VA I'NV Delay Delay 1000- RMS ~ 8 ps 1
e PR i — | = — =
| o8 50 . . ro . I. F77 . 800/
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Time digitization module

» Structure:

< Clock circuits

o FPGA Back Panel
] o ] Front Panel Trigger A
- Time digitization Trigger
. System POWER
Trigger match Clock oL
< CPLD rmmmmmmm I
. —> |Buffer|——
- PXlinterface | | FPGA PXI
———> |Buffer| 1 Bus
. . . | | > Data&
FPGA on-line configuration | | TDC Confie] _CPLD
: : <3=% PXI | N
< USB Interface e i . i i Interface
its
@ B it ][ |
. | UsB [ FLASH |
Q/ ) ’| (for backup) v

Test PC

Controller & DAQ



TDC (Time-to-Digital Converter)

» Based on combination of Coarse time and fine time measurement
< Coarse time: counter

< Fine time: time interpolation using carry lines inside FPGA devices

CLK
Hit Leading
= D a dge Dect |]
Carry4 edge Dec
=7 \eoarse time
LEO counter
D Q
i LS
1 Leading
D Q edge code
A — > '
i LE1
|
| D a— .
Carry4 F.me
L > time
LEO
D a Channel FIFO
i LS
D a—
S >
LE1




" Implementation and test of FPGA
| TDC Module




Non-linearity test
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Time resolution test

» Cable delay test method, to Signal Source cable 1 [7q
.. . Test Signal 1 —)
eliminate the influence of the ———— Transform
: ) AFG3252 TestSignal 2 | poard Cable2 | T1OC
signal source noise > ) T2
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3y Hitl [ Hit2 b _ _ _
| . ‘ |/ | » Time resolution (RMS) varies
pE—— ‘ ” when AT changes
To |
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Time resolution test
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‘ Time resolution test

leading edge jitter

Leading edge time measurement
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Test with MRPC detector
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