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MRPC Detector & Output signal

NIMA: 605 (2009) 282~292

honeycomb length = 208+/-1mm

electrode length = 202—0.5mm

+ MRPC features high time |

pad interval = 3m

honeycomb thickness = 4+/-0.1mm

precision

l PC board thickness = 1.5+/-0.1mm
+ Next generation:

outer glass thickness = 0.7+/-0.0lmm
inner glass thickness = 0.54+/-0.0lmm

o gas gap = 220+/-5micron

| PC board
- readout pad

Mylar film
2 O -~ 3 0 p S I inner glass length = 200+/-0.2mm | |:|
- electrode (graphite)

I outer glass length = 206+/-0.2mm | -

enhanced from 60~70 ps to

glass

PC board length = 210+/-0.2mm

‘ O Utp ut S i g n aI : Mylar length = 212+/-0.5mm

_ >4 honeycomb

~ High speed, rise edge <1 i .

ns

> Small amplitude: < 10 mV
@ 50 Q

Amplitude (10 mV/div)
]

Time (1 ns/div)
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Readout electronics for MRPC

Readout
electronics

Slow Control

|
|
|
|
i —
|
|
|

DAQ

Sy

I 4

I

Trigger

¢ Requirement on the electronics:

Data Analysis
and Storage

» High measurement precision: time resolution of 10~15 ps
» High bandwidth of the front end electronics: >500 MHz

» Low noise: the signal amplitude < 10 mV

> Integrating multi channels within one module.
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Two methods for time measurement

Method 1: Time discrimination + TDC (Time-to-Digital Converter)

60 MHz
12 bit

‘ Slow ADC
‘ fast shaper Discriminator

noise of Disc . - J[ TDC Time
: — time precision
resolution of TDC

Amplitude

Preamplifier
Detector P Slow shaper

Method 2: Waveform digitization + Digital processing

Preamplifier = e fRIEFADC

| TETTERTT e | “Fast Digital
| 12 bit Processing

Flash ADC — Power consumption, density, cost
— Switched Capacitor Array (SCA)

Detector
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SCA based waveform digitization

High speed analog transient signal sampling 4+ ADC (SCA + ADC)
& storage

/

high speed sampling

_______________________

I Domino Ring : ‘
AR | ! Slow A/D conversion
: At | oAt | At | oAt | oAt :
: I
Input—:—> | | | | | | : + ADC
A A I A A
. I I I I 1T I !
: SCA Sampling Cap. I
I ]
R e z Linear Fit -
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» Prototype design of readout electronics for MRPC
< Estimation and simulation
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Noise estimation: high speed pre-amplifier

SCA hgh speed wavefom digitizer

. I j\ Clock circuits
] *| Pre R

|
| xl_, amp | | IJ FPGA
: B V %kﬁ %k;, ..... jfkﬁ

a

Switch control

“F!'

Key parameters:

14

~ Bandwidth consideration: 500 MHz~ 1 GHz |

10

» Signal amplitude: 5 mV — Gain >20

ot (ps)

o N S~ » (o]
T T T T

» Noise Spectral Density (NSD) < 1.5 nV/ VHz

> Jt=%‘"><NSD x VBW

01 03 05 07 09 11 13 15 17 19
NSD (nV/+ Hz)
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Noise estimation: waveform digitizer

SCA high speed wavefom digitizer

. I J\ Clock circuits
] P Pre R J

1.1 I I

="M
| : %kﬁ %kﬁ ..... jfkﬁ

_MRPC ' | ' ADC

FPGA

Switch control

» Key parameters:

o= o=

3XBW XFg -
» Bandwidth (cable) — 550 MHz 115 228 2 18
» Enough samples of the leading 1:5 550 S 5.2

edge — sampling rate (Fs): 5 Gsps

> Noise requirement < 1.5 mV
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Performance simulation

¢ Simulation test bench MRPC
waveform J\_ N

. Platform: MATLAB generator >| sl 'é (R
~ Input signal amplitude: 5 mV noise l

Digital Waveform é‘ L PE
» NSD of pre-amp: 1.5 nV/ VHz discriminator digitizer

x ¥
» Gain: 20 Random sampling

start point

Noise of the waveform digitizer: 1.5 mV

\

¢ Simulation results:

» Time resolution is better than 10 ps
@ Fs> 3 Gsps
> When Fs is beyond 5 Gsps, time

resolution is almost stable

2 3 4 5 6 7 8 9 10
Sampling Frequency (GHz)
UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA



Content

4

» Prototype design of readout electronics for MRPC

&

< Design of the pre-amplifier

&

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA

13



Prototype of the pre-amplifier

» Friis Equation: F,—1 F;—1 F,—1
F=F + + + ot
G, G, G, G1G, ... G,

F is noise figure, G is the Gain. The noise of the main amplification and its preceding
stages dominates the noise performance of the whole circuits.

» Circuit scheme:

1% stage 2" stage

N Gain q g
input g‘xA> ‘ Adj B> }output

» Cascading of two amplification stages to achieve a total gain of >20

» Using high gain, low noise amplifier as the first stage

» Adding gain adjustment circuit to optimize the amplifier
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Prototype of the pre-amplifier

» Two types of amplifiers are used and compared in prototype design.

e — — —— — — — —— —— — — — — — — — —

Test nd
board 1nE sz ?/ i erflétage 500 | | ADJ 2" stage |
" ] 30 » 500
_||_ ] _ » | |
: L | . |
1nF 100 x10 ADJ "' Rseries 50 |
: 1 =1 i ; |
b2 ifi 1nF g | Rshunt |
RF amplifier gy, 500 | |
OPA 5 |
il B §- _}_ Rseries 50 |
T - = . c | 500 :
8 ]
% c0 16 2" stage =00 1h £
20 - 50 ) O : : .
109 —He - gain adjustment circuit
50 N ADJ|| 50
H - : }
1% stage OPA OPA
= H )
;E... x4‘:ﬂ... x4
Analog Front End
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rototype of the pre-ampl

2 9762018
£e-
WhOLTLT

N LT
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< Design of the high speed waveform digitizer
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Design of a 16 chl waveform digitizer

» Block diagram:

-

RAM

)

USB

L

CPLD

Trigger

X6 > TigerC ircuit )
- —

FPG A

Anolg Sampk D gialize |

Cicuit | 19| ¢icuit | 30| Cicuit [
— P >

Aasw
40 M
> C bck C reuit

0SC

O 16 channels per module
O Analog circuits: buffering for input signals, calibration signal generation
O Self Trigger Circuits: discrimination, self trigger signal for SCA readout
USB or PXI interface

O Data Readout:
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Analog Front End of waveform digitizer

Analbg C rcut ;

|osc HLPF I—*é\o
[DACHHo

hput

B

losc H LPF |—§\0

hput

DA

C

—VWA— .
R esistance
D vider %r
AN = AV
THS 4508
AN = & AV
_O
ADG904 —WW——
;
AV + - AN
LTC6409
AN - + AN
_O
ADG 904

Lowpass_T_
i
DRS4
AV
T
L
DRS4
AN
L
LowpassI

O Two amplifiers are employed for comparison
O Using switches to select among:
@ Analog input signal

2@ DC voltage from DAC for calibration
3 Sine wave signal for calibration
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Analog Front End

» Simulation results of bandwidth

-13

Bufferl

14

THS4508

-15

-16

10MHz

v DB(V(C3:1))

100MHz

Frequency

V(n009)

12.0dB
-12.5dB—

Buffer2 """

13.5dB—

LTC6409

-14.5dB—
-15.0dB—

-15.5dB—

“14.0dB- -~

-16.0dB

f
120MHz

f
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f
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i
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600MHz
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-300°
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28 22
I _ o
R12 c2 1.8V [THS4508 + -— C3
50 1u R4 169 Mocm 4p
¥
1 R9 R10 —— C5
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Vac /- |GND GND
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GND  |GND
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50 68 R1 150 ,/%,_77
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©
e
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Yocw LICGdDQ T 4p
0.1u + § -1
C514 R4150 rR10 | cg
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| Sampling: SCA — DRS4

AGND AVDD DSPEED PLLOUT PLLLCK

O O—0 0—0
I e jevos]

REFCLK  DTAP A0OA1 A2 A3

DOMINO WAVE CIRCUIT

ER:LAE]

%"WWWWWWWWMWWWWWWWWWJ Mux
g i CHANNEL 0 = ® ouTo
T O T O T
¢ & CHANNEL 1 ‘ OUT1
i
o
7 a CHANNEL 2 R out2
w
w
z|H CHANNEL 3 ouT3
g
Iz CHANNEL 4 ouT4
@ (8]
= CHANNEL 5 % ouTs
m | —
=|Z CHANNEL 6 ouTe
CHANNEL 7 % ouT?
ouTs/
| CHANNEL 8 %
1 oo
STOP SHIFT REGISTER BIAS
. ROFS
:ﬂ READ SHIFT REGISTER MUX SROUT
| CONFIGREGISTER | RESET
DVDD DGND

RSRLOAD
)

Channel no
-3dB BW
Sampling speed

Readout frequency
noise

Diff input range

RO

Parameter I

8+1
950 MHz

0.7 Gsps ~
5Gsps

30~40 MHz
0.35 mV RMS
<1Vpp

»

«

DRS4 output waveform SRS

R1 R2

rR&  §

R(n-1)

«

)
«
ANALOG

ouT {55

l
R1

«
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R3

P
l L‘ tSAMP

21



‘ Quantization

8 chl ADC

AD9252
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DRGND

AVDD PDWN DRVDD
Y Y
A —
AD9252 14
VIN + A <‘ ne —“— SERIAL
VIN-A A | | LvDS
14
VIN+B 7 anc - SERIAL
VIN-B “ - LvDS
14
VIN +C <’ ADC = SERIAL
VIN-C . | <! LVDS
14
VIN + D <" bc [ SERIAL
VIN-D A ={ LVDS
14
VIN+E <’ apc |7 SERIAL
VIN-E . | <! LVDS
14
VIN +F > SERIAL
VIN-F <, ADC | L | Lvps
14
VIN+G <‘ ADC —— SERIAL
VIN-G " >« LVDS
14
VIN + H <" | ><{ SERIAL
VIN-H ADC | | LvDs
VREF T
SENSE () ®
0.5V
DATA RATE
REFT()
REFE () SERIAL PORT MULTIPLIER

INTERFACE

RBIAS AGND CSB SDIO/ SCLK/

OoDM

A A A
S h h—
CLK+ CLK-

DTP

FCO+
FCO-

DCO+
DCO-

ADC output data

Parameter | _________

Channel no
-3dB BW
Sampling speed
resolution
ENOB

FSR

TIMING DIAGRAMS

VIN #x
—

N=1

te ‘

8

325 MHz
50 Msps
14 bits
11.8 bits
<2Vpp

Figure 2. 14-Bit Data Serial Stream (Default), MSB First
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‘ Calibration & correction

» (1) DC Offset Variation Error

» (2) Uneven Sampling Intervals

> r

NIMA :629 (2011) 123-132
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Calibration of DC offset

Before cal.~6.8 mV RMS | De e e e >e e e e Se{ e e e
At | At | At | At | At

J U T U
ESEEESENES

Cell to cell Variation

Voltage(mV)
= =
s
_

1) )

200 500 600
Sampling Cell Number

(2]

~
T

After Cal.~0.35 mV RMS

DC offset: Cell-to-Cell Variation
at Cell N0.273
400

600
~0.3 mV RMS |
€
3 300+ .
O
200 7
10 I ]
0 L _-I [ L i [ L L
-3 -2 2 3 200 400 600 800 1000

s00. DC Offset:
N0|se (mV) Sampling Cell

N
T

1
N
T

Vvoltage variauon (mv)
o

o
T
|
~
T

1
O@
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Calibration of Uneven Sampling Interval

240 T T T T
Avg. Bin: 213 ps @4.7GS/s
230}
S 200/
£ 210]
3
” 200
196 200 400 600 800 1000
Sampling Cell
1024 Sampling Taps
4X10 \ \ \ L 350
DNL _19/17-6 pS 300-
° INL -68/344.7 ps 1 4.7 GSls RMS: 4. ps
250
Al RMS: 4.9 ps
e INL = 200
E 2
F o \ DNL I © 1500
/ 1001~
501
T 200 400 600 800 1000 0 "5 n 05 0 05 - 5
Cell Number Bin Width(s) w101

DNL & INL State Key Laboratory (ln? I!"émz:,ebjgtgcgoﬂ a%f Bl N Wldth
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Time measurement

' ' DAC Chl. 1| Hit FPGA
¢ Signal process in FPGA o
_ _ j\ \Discriminator 3 Pulse Coarse
» Pulse width from disc: 1 ns N . time
Al : width counter
: d bl d I f d Front x16 Chl.2~16 :X16 N Expand
~ Adjustable delay for readout End : 3 —
~ Based on ROI (Region of Interest) DWRITE Delay
A[3:0]
. DRS4 Control |vaiig
~ Counter for coarse time measurement SRCLK
SMALL DIFFERENTIAL SIGNAL WITH
LARGE COMMON MODE COMPONENT g,

+ High speed discriminator:
» Speed: 800 Mbps
» Delay: 1.8 ns
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Logic design in FPGA

¢ Structure

> buffer DRs4 | | aDC || DAC || PLL
» Real-time signal processing PX|
Valid BUS
> Tlme measurement Hit x16 j Hit processing v Controlling logic
> HIT rOCGSSIn Time measure ment TT
P J pre. HIN - - j) CPLD
) ] ADC x16 $ buffer j P _'l/ fine time Data \m
» Controlling logic interface
DRS4_dtap >| coarse time tj SFP
» Data packaging 1L T
~_~ ~_~
> SDRAM interface Data packaging L‘
» Data interface Clock lL
configuration SDRAM interface <:$ SDRAM
FPGA

» Clock configuration
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Real-time signal processing

¢ Signal processing:
» Amplitude error correction

> FIR filtering

» Time error correction

¢ Amplitude correction

» Correction coefficients stored Position

in aring
» Align the data according to
the stop position

» Processing: Multiplier +
Adder

Data processing
data
A .
i . time
[ ) Din L amplitude
Stop i FIR N error \
Position ti filter Y| correctio v
M Position {»{ cOrrection n
'S PN * PN
|
Correction coefficients
Gain J | DCoffset |
coefficients ko_b k1 _19..._l>k1023 coefficients bo—|> bl_P -'-—|9b1023
4T—> Read control Read control
Stop 1
16 bits R 32 bits
unsigned integer €g signed integer
>
Reg Reg
'CB l Data
Data input Reg Reg truncation
Reg
14 bits Multadd

unsigned integer

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA




Time measurement

Ref DRS4

0° Coarse N
clock | [ Domino | | dtap | | PouPle edge ¥ counterl [ [ time 1 Coarse

o

X clock i
T ion |80 counter2 {3 Coarse time
generation counter2 | ¢ — seletction

Stopping time 2
s dwrite dwrite
Sampling |, Controlling Valid
stop logic
o
¢ coarse time measurement logic dap o | |
0° clock I
: . I |
> Counting clock: dtap Countor 1 g o i o
- - o I
> Double edge counting to avoid meta- 189" clock I A e
. Counter 2 | N1 N ! )y 3 Nl
Stab|l|ty >~< ri Stop sampling and latch the
dwrite | Sampling : - counter ouptuts
. . | |
> Counter width: 24 bits, range ~ 3.4s | opese Readphase |
DRS4 input | | |
. signal
» Common counters shared by multiple : : : :
DRS4 stored I (I |
channels signal | j\/\ | j\/\ |
J§ I § °
|

Ce'II 512# Cello# €= Stopping cell Cell O#
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Data packaging and transfer

/\
Header FOFO Token ring processing * Token Token
Coarse time [23:12] 12 bit 3 proc [~ roc
Coarse time [11:0] 12 bit Token proc Ii token % P
Stopping position 10 bit ‘P /Zken
reserved C3C3 akData_ ’ Crl‘:?lr:‘gel —
.. - pakcaging v
Digitized waveform 16 bits CH L Bank
b R . . chi 2 FIFO Write
Digitized waveform 16 bits : FIFO
Chl 8 /] E>
Bankl time
Bank2

» Two layers of data buffering based on token ring, to enhance the

data transfer efficiency

» When all the data from the FIFO is read out (empty), the token is

released to the next channel
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Photograph of the waveform digitizer
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» Performance testing
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Performance testing

' \ High'speed

waveform digitizer

Power splitter
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Testing of the pre-amplifier

OPA
8.6 ps
RMS 0o

RMS=8.6 ps ]

' RFampmkr
43ps |
RMS

RMS=4.3 ps

0.02 0.04 De()lg)f<nsg).08 0.1 0.12 0.05 Dei)a;; o 0.15
+ Time measurement precision: ' T T ]
81 o ZREAE|
. 7t SR ER | |
» Input amplitude: 5 mV g o
s 2
= 4(
» OPA:8.6 ps - 3 |
1_
» RF amplifier:4.3 ps 0
5 10 15 20 25 30 35 40 45 50

Amplitude(mV)
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Testing of the waveform digitizer

¢ Transient waveform sampling ,, .y, 200 MHz

. 500 T 500
» RF Signal source: 400 | 400 ——orss
__ 300 300 | ——=—— Oscilloscope ||
N5181A 2 i
3 ol ———— DRs4 I 108 I
2 ——s— Osill S
» Pulse generator: S 100 f clloscorel 2 oo
£ 200 E 200
81180A 0 © o
-400 400 |
-500 : : : : : : : 4500 . . . ‘ . .
30 35 40 45 50 55 60 65 70 2 28 30 32 34 36 38 40
Time (ns) Time (ns)
e msnec g0Q - . .
“
Captured by 10 Gsps 600 | .
oscilloscope £
= 400}
3 tr=703 ps
= 200f
€
<
0
-200 : : l
-5 0 5 10 15

118 mV/div]
-354.00 mV §
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‘ Testing of the waveform digitizer

1700 —/————————————————————— 110
1600
109 RMS=0.39 mV
1500 ~ DC voltage
DC voltage S 0o camoled
sampled £ 1300 s P
results S 1200 ER results
1100 S 6l
(before 1000 1 £ 106 (after |
correction) 900 | 105 RMS: 0.39 mV | correction)
800 _— N N I N Y S A
0 100 200 300 400 500 600 700 800 9001000 O 200 300 200 500 500 700 300 900 1000
Sample Cell Number Sampling point
- 500 I II ", I ' I 0.45 T T T T T T T :
0.44 ean=~u. m
¢ Noise performance Cell noise Mean=0.39 mV
wp 0.4mY RMS=0.4mV ] 043 mean=0.39 mV
. . . 0.42
> After correction and filtering _ x| S ou
c e
3 o 04
> Averaged noise: 0.39 mV ° | 180
0.38
100 1 0.37
0.36 Noise of 1024 cells
105 106 107 108 109 0.350 100 200 300 400 500 600 700 800 900 1000
Amplitude (mV) Sample Cell Number
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Sampling time interval

¢ Mismatch exists among sampling cells

0.22
’_\O.21 -
» Sampling interval
qz) 0.2 =
+ Mean: 195ps £ |
1S
- RMS: 4.6 ps " os
0.17

0 100 200 300 400 500 600 700 800 900 1000
Sample Cell Number

500

400 r

300 -

200 -

100 |

Mean=195 ps |
RMS=4.6 ps

017 018 0.19 0.2 021 0.22
Sampling Interval (ns)

» Non-Linearity: e A
« INL: -709 ps ~ 513 ps E \\/
« DNL: '19 pS~159 pS 0 2(|)0 4(I)o 6(‘)0 8(|)O 10-00

Sample Cell Number
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Time interval correction effect

2.97

295 1
293 r
291 r

2.89
2.87

Period (ns)

2.81

279 r

277

2.97

295}
293
2.91F
289 S P S
2.85 | "
2.83 |
281 f
2.79 |

Period (ns)

2,77

2.85
2.83 fif

Before correction

200 400 600 800 1000

Sample Cell Number

global calibration & correction :

200 400 600 800 1000
Sample Cell Number
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Period (ns)

Period (ns)

2.97
2.95
2.93

2.91

289 .
2.87

285 )"

2.83

2.81

2.79
277

2.97

295
293
291

Local calibration & correction

0 200 400 600 800
Sample Cell Number

1000

289

2.87

2851

283 r
281
279

2,77

overdetermined linear
equations-based

0 200 400 600 800
Sample Cell Number

NIM.A. vol. 916, 2019, pp. 71

1000
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‘ Time measurement performance

250

200

150 RMS=82.6 ps

Count

100

50

8.4 8.6 8.8 9 9.2
Time Interval (ns)

before correction, 82.6 ps RMS

300

250

200

150

Count

100

50

862 864 8.66 8.68 8.7 8.72 8.74
Time Interval (ns)

global calibration & correction, 5 ps RMS
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100

RMS=14.3 ps |

Count

862 864 8.66 8.68 8.7 8.72 8.74
Time Interval (ns)

Local calibration & correction, 14.3 ps RMS

300

250

200

150

Count

100 + RMS=4.9 ps

50 -

0 1 L
8.62 864 866 868 87 872 8.74

Time Interval (ns)

overdetermined linear equations-based, 4.9 ps RMS
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Time measurement performance

Buffer2

9r —— E IR
..... o HEIH

-10 15 40 65 90 115 140 165 190
Time interval (ns)
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Time measurement performance

300

250 r

200 r

150 r

Count

100 r

50

-0.22 -0.2 -0.18 -0.16
Time Interval (ns)

+ Time resolution vs different input

amplitude:

» 100 mV: 6.5 ps

» 1000 mV: 3 ps

» 100~1000 mV: <8 ps/ 7 ps
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500

400

300 r

Count

200 r

100

1000 mV

3 ps
RMS

RMS=3 ps

-0.22

-0.2 -0.18 -0.16
Time Interval (ns)

—— EIEIRE)
..... e - SEIRT)

200 300 400 500 600 700 800 <900 1000

Amplitude (mV)
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Performance test results

¢ Time resolution >

200

|5m\|/

> Pre-amp+digitizer_| °:9 PS _
E RMS RMS=5.9 ps

Co

> <8 pS 100

50 r

0

-0.2 -0.18 -0.16 -0.14 -0.12
Time Interval (ns)

350

¢ Charge resolution |
J ool 5mV

23 %

» <3 %

RMS=23% 1

46 48 50 52 54 56
Charge (fC)
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20

25 30 35 40 45 50
Amplitude (mV)

2¥¢E

5 10

15

20

25 30 35 40 45 50
Amplitude (mV)
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Conclusion

» Higher time precision is the key parameter of next generation MRPC
and other fast detectors.

» Challenges for the readout electronics include high bandwidth, low
noise, and high time precision.

» High speed waveform digitization is an important research direction,
since all the detailed information can be obtained, and high
precision time measurement can be achieved through digital signal
processing on the digitized waveform.

» SCA-based waveform digitization exhibits low power consumption
and complexity.

» Prototypes are designed and tested, and a time resolution of < 10
ps is achieved.

» Modification and improvement will be made on the electronics in the
next version design.
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