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Development context
Data acquisition system for Neutrino experiments
• Concept of distributed « smart sensors » over Ethernet already 

applied successfully for the OPERA experiment
• Continuous and auto-triggerable readoutContinuous and auto triggerable readout
• Synchronization and event time stamp on each sensor

T2K
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Network Distributed OPERA DAQ components
• A common mezzanine board with embbeded Ethernet controller.
• A Specific interface board for each type of detector. 
• A dedicated bus for synchronization

RPC tracker TDC drift tubes

Target Tracker     scintillators MaPMT
Dedicated linked cated
For synchronization
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The OPERA experiment is now running on this concept with about 

1200 sensors connected on an Ethernet Network  



Development objectives
The OPERA DAQ features

Based on the concept of distributed « smart sensors » over Ethernet
Embedded microprocesseur under Linux 10 / 100 Mbps Ethernet
Independant and proprietary clock distribution system for synchronization

Design improvements for next generation  

Go to the gigabit
Hardware implementation of the network layers to free the local CPUHardware implementation of the network layers to free the local CPU
Synchronized over the network (PTP) within an accuracy better than 10ns
Industrial standard embedding network features (such as ATCA)

Applied to the LAr TPC in T2K
PTP not mandatory for T2K but interesting for futur

“M-ton” large scale prototypes
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M-ton   large scale prototypes



Charge Liquid Argon 

Liquid Argon is at the same time the target and the sensitive medium for secondary 
particles produced in neutrino interactions

HV

Charge 
readout
electronics

q g
Time 
Projection 
Chamber

Scintillation 
light readout

Liquid Argon
imaging volume

Front view
Cathode

Wire
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≈7,2 m
Wire 
chambers



Image of the ionization left by the charged particles in Liquid Argon

E=1KV/cm

Scintillation Light

Drift of the electrons towards the anode wires
E 1KV/cm

Non-destructive 
multiple readout

Ionizing track
e-

Scintillation Light

1st Induction
wire/screen grid

2nd Induction wire
grid (x view)

d

d

Drift Field: 1 kV/cm
Drift time ~ 3 ms

Collection wire
grid (y view)

d
p

Detection of primary ionization in LArgon: 1 m.i.p ~ 20000 electrons on 3 mm

z = drift time

f p m y g m p mm
High resolution calorimetric measurement of e.m. and hadronic showers

PMs detecting UV scintillation ligth in Argon used to provide the t=0 signal of the 
event to measure the drift space
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event to measure the dr ft space
Each wire is sampled with a 2.5 MHz flash ADC to measure the charge 

distribution along the drift (time)
3D event reconstruction with ~1 mm space resolution



Development objectives
D i i 32 h l ADC AMC b dDesigning a 32 channels ADC AMC board
Using PTP for synchronization and time stamping
Using gigabit Ethernet for data transmission

4*8 channels ADCfront panelfront panel

AMC  boards are integrated in a 
micro-TCA « shelf » : 
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PTP development overview
- Mixt software / hardware PTP implementation 

PTPd Software
(Kendall & Corell)
Without linux network API HARDWARE :

NIOS cpu softcore in VHDL (targetted in FPGA)
Gigabit MAC IP (from I.F.I. German society)
PTP Cl k i l i i VHD

DDR sdram

FPGA ALTERA
STRATIX II

PTP Clock implemtation in VHDL 
Time stamp unit
PTP frame detector

SOFTWARE :
PTP i l t ti b d th PTPd [1]Digital

NIOS
CPU

PTP implemtation based on the open source PTPd [1].
PTP state machine protocol engine

NO Operating System NO network API 
Direct access to Ethernet MAC through DMA 

and control registers
Gigabit 

MAC

Digital
PTP

Clock pps

gMAC 
IP

Gigabit
PHY
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-Based on this configuration we developped the PTP SLAVE and MASTER.



Brief description of the NIOS concept

-The NIOS processor is a soft-core 32 bit RISC Microprocessor
- It is described in VHDL 
- Can be targetted in ALTERA FPGAs

-It is associated with:
- an avalon switch fabric allowing data exchange 

(a kind of configurable system bus for communication 
between peripheral and microprocessor)

- A set of standard and custom peripheralsA set of standard and custom peripherals
(You can create your own peripheral)

- SOPC Builder software provided by ALTERA:p y
- This is a user friendly interface allowing the system description
- Used to define the whole system:
NIOS cpu + peripheral + interconnection
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PTP hardware implementation with NIOS

Management data clock (MDC)
Management data I/O (MDIO) 

NIOS
Core

MAC Gigabit
IP

(Encripted VHDL)

Phy 
Gigabit

DP83865

Txd[7..0]
GMII 

Rxd[7..0]

STRATIX II FPGA Management data clock (MDC)

Core
(Encripted VHDL)

ri
c

PTP 
Clock

(VHDL)
PPS

al
on

 sw
itc

h 
fa

b
SDRAM

PTP softwareSDRAM 
Controller

Av Flash 
MemoryFlash interface

SYS

PTP
PLL

(125 MHz)Local
oscillator

JTAG / UART
Console
Debug

message
To USB bus of
developpement PC
( t d ff t d d ift t)

SYS
PLL

(100 MHz)
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(computed offset and drift measurement)



Hardware PTP clock details

CLOCK counters
and adders 

Clock period adjustement

125 MHz
Clock Offset adjustement

PPS

RX
PTP frame

timeStampTrigger timeStampClear

timeStampReady

se
c

na
no

GMII (RX) PTP frame 
Detector

(Modified 
Gigabit Opencore)

PTPerr

PTPvalid

Seq ID

Time Stamp Unit
nanosecond

second

Sequence ID

GMII (RX)

TX
PTP frame 

timeStampTrigger

PTP

timeStampClear

timeStampReady
se

c

na
no

GMII (TX)
Detector

(Modified 
Gigabit Opencore)

PTPerr

PTPvalid

Seq ID

Time Stamp Unit
nanosecond

second

Sequence ID
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PTP clock counter module
Increment period ~ 8 ns (for a 125 MHz clock)
Resolution 2^(-64) sec

fraction nanosec adjust 

carry

nanosec adjust 
Drift correction2-1 2-32 2-33 2-64

Sec initialization
2-0232

carry

Resolution 2 ( 64) sec

carryy

Nanosec acc fraction nanosec accSec acc
Local clock

Sync frame
trigger 
Validation

nanoSec offset

Validation

Sec nanoSec

Offset correction

Offset and drift correction are 
updated synchronously 
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Sec nanoSec 

PPS

to SYNC Frame.



PTP clock module timing
125 MHz 8ns

0x55 0xd5 data CRC

RX_CLK

RxD[7..0] IFG 0x55

TimeStampTrigger

PTP valid

Protocol = 0x11 & Port = 319  
& no_error 

Sec[31..0] , nanosec[31..0]  (n)TimeStamp

PTP Sequence IdSequence Id

TimeStampClear

Offset / drift registers (n-1)Offset / drift correction registers (n-2)Correction regs

transfert

Buffered register Computed dritf / offset correction (n-1) d. o. (n)d. o. (n-2)

Compute 
PTP Parameters 

Offset / Drift

Software Waiting for frame in Gigabit MAC
(GMAC II)

Frame read
Data extract

Read Hard timestamp

Compute 
PTP Parameters 

Offset / Drift
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Offset / Drift
(n-1)

Read Hard timestamp
TimeStamp Clear

Offset / Drift
(n)



PTP software processing
Protocol engine state machine
i l t d i NIOS ([1] [2])

Port_state=PTP_INITIALIZING

implemented in NIOS ([1], [2]) 
INITIALIZING

Best mater clock

Port state = ? 
LISTENING |
PASSIVE |
SLAVE |
MASTER 

MASTER state

SLAVE stateInit
Sync receipt timer

Best mater clock
comparison

Port state = ? 
Init

Sync interval timer

PTP_SLAVE if forced 
PTP_MASTER or PTP_SLAVE 

SLAVE state

LISTENING |
PASSIVE |
UNCALIBRATED |
SLAVE 

Read frame
LISTENING

SYNC interval
Timer expired ?

MASTERInit
clock

SYNC reset sync receipt timer
send delay request if timer expiredRead frame

No block

Read frame
No block

NO CHANGE
SYNC receipt

Timer expired ?

Send SYNC frame

send delay request if timer expired
FOLOW_UP => update drift / offset
DELAY_RESPONSE => update delay 

start sync_receipt_timer y

Forced
SLAVE state ?

MASTER

reset sync_interval_timer

SYNC => send FOLLOW_UP
DELAY_REQ => send Delay Response

Due to LOOPBACK network config
In MASTER state 
The sent sync frame is immediately
read back to get hardware time
stamp

y
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LISTENING MASTER

start sync_receipt_timer reset sync_interval_timer



Configuration for PTP test setup
MASTER SLAVE

JTAGg pJTAG
debug

I

Clock 
Second 

ST
R

AT
IX

 II
FP

G
A

Gigabit PHY

PTP test setup
U i NIOS

g
DP83865
National
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Using NIOS 
devbaords



Clock recovery and local oscillator on slave (1)
Computed PTP parameters with PTP timestamps 

Offset from master

40000000

50000000

Offset from master

100

150

200

10000000

20000000

30000000

ns
ec

-100

-50

0

50

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

ns
ec

-10000000

0

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

Sync frame

drift at startup

-200

-150

Sync frame

drift at startup

0,00004

0,00005

0,00006

0,00007

0,00008

ri
ft 0,00000001

0,00000002

0,00000003

0,00000004

0,00000005

rif
t

-0,00001

0

0,00001

0,00002

0,00003

,

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

re
la

tiv
e 

d r

-0,00000004

-0,00000003

-0,00000002

-0,00000001

0

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

re
la

tiv
e 

d

CERN - 15/02/2008 PTP workshop – Claude GIRERD 16

-0,00002

Sync frame

-0,00000005

Sync frame



Clock recovery and local oscillator on slave (2)
Computed PTP parameters with timestamps

Offset from master

40

60

80

100

drift 

0,00000003

0,00000004

0,00000005

-60

-40

-20

0

20

40

ns
ec

0 00000003

-0,00000002

-0,00000001

0

0,00000001

0,00000002

re
la

tiv
e 

dr
ift

-100

-80

1 88 17
5

26
2

34
9

43
6

52
3

61
0

69
7

78
4

87
1

95
8

10
45

11
32

12
19

13
06

13
93

14
80

15
67

16
54

17
41

18
28

Sync frame

-0,00000005

-0,00000004

-0,00000003

1 97 19
3

28
9

38
5

48
1

57
7

67
3

76
9

86
5

96
1

10
57

11
53

12
49

13
45

14
41

15
37

16
33

17
29

18
25

Sync frame

Drift pp  ~ +/- 10 ppb
(point to point no switch)

Offset pp ~ +/- 20 ns 
(point to point no switch) 
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Clock recovery and local oscillator on slave (3)
hardware measurementhardware measurement 

PPS synchronization
8.74 ns rms

(point to point without network trafic)
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(point to point without network trafic)



Other possibilityOther possibility
Using RX_CLK as local clock on slave

- It is possible to force a gigabit PHY to be in SLAVE state (not at the PTP 
but for the ethernet link point of vue)but o t e et e et po t o ue)

- In the SLAVE state a gigabit PHY recovers the RX_CLK from the frame
and remains synchronous over time.

- The idea is to use the RX_CLK clock in place of the local clock 

I thi diti th d ift i li i t d d th l k h- In this condition the drift is eliminated and the clock are synchronous 
between the two nodes in a point to point link
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PTP MASTER PTP SLAVE
50 MH

USING RX_CLK as local clock on slave (1)

TEMEX
DOC4842
10MHz

PLL
ALTERA

CPU
and system

100 MHz
PLL
ALTERA

CPU
and system

100 MHz
50 MHz
Low cost

10MHz

25 MHz

y

CLOCK 12
5 

M
H

z

CLOCK

125 MHz
PLL
ALTERAPPS

PPS

Rx PTP frame
Detector/
Timestamp

rx_clk
125 MHz

Tx PTP frame
Detector/
Timestamp

R
X

_C
L

K

25
 M

H
z

PPS

Phy
Gigabit
DP83865

Phy
Gigabit
DP83865

Gigabit
MAC
IP

GMII

Timestamp 125 MHz

Gigabit
MAC
IP

esta p

gtx_clk

IP 

Tx PTP frame
Detector/
Timestamp

gtx_clk

IP

Rx PTP frame
Detector/
TimestampConfigure the PHY through 

MDC t f l k
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MDC to force clock recovery
(SLAVE state)



USING RX_CLK as local clock on slave (2)
computed values with timestamp on NIOS

Offset from master at startup

50000000

60000000

10000000

20000000

30000000

40000000

ns
ec

-10000000

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Sync frames

Drift at startupOne way delay at startup

0,000001

0,0000015

0,000002

0,0000025

0,000003

400

500

600

700

c

0 000002

-0,0000015

-0,000001

-0,0000005

0

0,0000005

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

0

100

200

300ns
ec
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-0,000002

Sync frame

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Sync frame



USING RX_CLK as local clock on slave (3)
computed value with timestamps on NIOScomputed value with timestamps on NIOS 

Offset from master (Clock recovery and RX_CLK as slave 
clock )

4

6

8

10

-2

0

2

4

ns
ec

-10

-8

-6

-4

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65

Sync frame

The offset error is smaller than the clock resolution
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USING RX_CLK (125 MHz) as local clock 
on slave (4)

Hardware measurement

8ns

PPS synchronization
216 ps rms

PPS generation base on clock adders
is not optimized in this case.

It ld b b tt t i l ti k t
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It would be better to use simple tick counts
for timestamp and pps



USING RX_CLK (125 MHz) as local clock 
on slave (5)

Clock based on clock period increment and 
accumulators

Clock based on clock tick counters 

This problem is probably due the finite precision of the
clock period increment  and the timestamps

The timestamp are a number of clock period.
The PPS period is fixed by a number of clock ticks.
The same technic is implemented on the MASTER 
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Idea of synchronous gigabit switch

PTP
B ffers

SWITCH

Phy

Phy S i h

Slave
Terminal

PTP
Slave

Switch
controller

Buffers

Time stamp
Unit for Phy Switch ports

Phy

Terminal

PTP
Slave

Terminal

MAC

z

tranparent
Clock

O

Phy
Terminal

PTP
Slave

TerminalPLL
&

Local
Osc. 25

 M
H

z

RX_CLK

M
D

C
/M

D
IO

Phy

Uplink
For PTP master
or master slave switch

&
Clock
Buffer

Phy125 MHz

Uplink
For cascaded switch
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or master slave switch 
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Gigabitg
MAC IP

PTP 
Clock
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Default development board configuration 

FPGA ALTERA

Switch fabric 
Communication channels can be configured 

FPGA ALTERA

Standard or custom 
Peripheral can be added
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Simplified ptp message processing (SLAVE)  

frame in MAC ?

EVENT GENERAL
(Sync / Delay Req) (Follow Up/ Delay Resp)

OTHERSNO MESSAGE

Read event 
PTP frame

Read general
PTP frame

Clear and rearm
Time stamp

( y y q) ( p y p)

return

Get Hardware
Time stamp

Test SYNC

return

Control field

FOLLOW_UP

SYNC

DELAY_REQ DELAY_RESP
(Precise master sync (Precise master delay req

Delay req timer 
Expired ?

Update offset
Update drift Update delayDisreguard

Do nothing

(Precise master sync
send time)

(Precise master delay req 
receive time)Send DELAY REQ

Get Hard Time
Stamp
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return return return returnReset receipt timer



Simplified ptp MASTER processing  

Frame in MAC

EVENT GENERAL
(Sync / Delay Req) (Follow Up/ Delay Resp)

OTHERSNO MESSAGE

Read event 
PTP frame

Read general
PTP frame

Clear and rearm
Time stamp

( y y q) ( p y p)

return

Read Hardware
Time stamp

Test 

return

Control field

FOLLOW_UP DELAY_REQ DELAY_RESPSYNC

Master receives / reread its own SYNC
Message and get its hardware timestamp
(LOOPBACK configuration)

Disreguard
Do nothing Do nothingSend Delay

Response
Send 

follow up
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Drift correction
master slave

1−kst

1−kmt1−ksoffsetkstOn slave Is measured with an offset correction of 

ksoffset1+kst Is measured with an offset correction of On slave 

)()()( 111 −++ −−−−− kkkkkk offsetoffsettttt

st
kmt

kt

1−ksoffset
To avoid a drift measurement error due to offset correction between
two consecutive SYNC we substract the offset difference

)()(
)()()(

11

111

−+

++

−−−
−−−−−

= kkksks

kkkskskmkm

offsetoffsettt
offsetoffsettttt

drift
kst

1+kmt
1+kt

ksoffset

1+kst
1+ksoffset

11

2+kmtThe period increment n
incrT Is corrected in the following way 

)(11 driftTTT n
incr

n
incr

n
incr −×+= −−

2+kst
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Offset correction
master slave

1−kst

1−kmt

kt2
)()( j

s
j

mkmks ttttyoneWayDela −+−=

The well known formula for offset are :   

st
1−ksoffset

kmt

kst

2
yoneWayDelattoffset nmns

n −−= )(

j
st

koffsetj
mt

The new offset register value   offsetn 1+

ksoffsetmt

nmtoffsetoffsetregoffset nnn 1_ −+−=
Is corrected in the following way 

nst
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nsoffset


