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Toward trigger-less data-streaming DAQ system

Event selection by
hardware based trigger

)
Cd

Define a data block,
Provides the reference timing to set Rol

“Event”

Trigger generation by hardware is becoming difficult

Conventional

DAQ system
Detector > FEE |«
Detector > FEE |¢
Detector > FEE [€
Detector > FEE |«

Data within the Rol
are sent to the PC.

Tri
rigger * Resource is not enough even for world largest FPGA
* Current hardware trigger logic is so much complex
+ Difficulty to maintain and develop them
R R L L PP LD
! DAQ software
—>| Reader
: Partial | - - 1
! builder ! :
—>| Reader ! HLT :
: , .
! Event I : File
| builder > ALT = Sink
1 1
—>{ Reader : '
; Partial I HLT :
| builder | i
—>| Reader et
! DAQ software configuration  Option
1
1

based on tree-like topology



Toward trigger-less data-streaming DAQ system

Clock/timing distribution
to reconstruct the time among FEEs

Trigger-less data-streaming

Clock/timing :
Lo Next generation DA ftware framework
type DAQ system distribution generatio Q software framewo
supporting multi-end topology
Define time frame Data filtering by online analysis
for later online It corresponds to the hardware trigger
analysis and HLT in conventional DAQ system
I ____________________________________________________________________ I
s N 1 :- ------------------------------------------- i !
Detector >| FEE |« ; Time i ' - ! DAQ software
. ) Vin —>| Reader frame ; Filter Filter i !
! builder \ :
( ) | . : I !
Detector > FEE ¢ ! Time . E :
L ) L—>| Reader frame Filter Filter N .
A~ | builder , : :
hardware-defined time frame ! ' i File !
; . | | sink !
| . 1 1
Detector > FEE [€ ! Time . ' !
. ) 4 —> Reader frame ; Filter Filter [ |
! builder ; ] !
Detector > FEE |« : Time ! , : :
. y —>{ Reader frame . Filter Filter [ !
A~ | builder i : |
I i i I
1 1

Transfer all the hit data
without setting Rol

Is the streaming DAQ system for the big experiment?
We think NO. There is merit even for small experiments!



Development policy

The development of front-end electronics (FEE) should be assembling work of key technologies.

Key technologies e
« ADC technique — 000
« TDC technique

* Digital filter technique Should has not only generality System Group
» Clock synchronization

et but also room for extension
e Data communication

» efc... 'Penit

—’

Electronics

Open source consortium of Instrumentation

This is not new idea, but the FEE is usually dedicated for the target experiment.

Standardization
« We would like to promote standardization of developed items AD
under SPADI-alliance

« An FEE is for many experiments Alliance



Key technologies for high-resolution streaming TDC

Define the time frame
From taking a picture to recording a video

Trigger

s

Trigger-less [

[ Event Event I Event I Event I Event ]

Time stamp is a unique way to reconstruct event

Series of data ] [ Series of data ] I

» Heartbeat data
Boundary of time frame

Synchronization
Simple & light-weight clock-data-recovery

(MIKUMARI: K%, R. Honda, IEEE TNS, 70 (6), | 102 (2023).

Nest generation DAQ software

(NestDAQ)
Support multi-end topology for load balancing

DAQ software

Time
frame
builder

Time
frame
builder

Reader Filter F--

Reader Filter [--

TDC

MIKUMARI

FEE

AN

Time
fraome

A

TDC

N

FEE

Filter [~

% Reader

Reader

builder
Time
frame

Filter -~

Tapped-delay-line based TDC

* Implement using CARRY4 in AMD FPGA .
* |5ps(0)in mydesign .
« See slide on 31| R 7 LR &2017 .

builder

Fastdatatransmission |

PCB design skill
FPGA technology (|1 OGbE SiTCP)
Knowledge for computing



Data collection relying only on timestamps

Structure of TDC data
Fine count (n-bit) + Coarsecount (m-bit)
Provided by timing interpolation techniques Generated by the DAQ function driven by system (base) clock
* Sampling by multi-phases clock signals signal.
« Tapped-delay-line
Independent from data acquisition function In conventional TDC
« The bit-length depends on the record length since it is the
relative timing measurement respect to the trigger.
 E.g., ring-buffer length © coarse count bit-length
In streaming TDC
* No local timing reference. It will be free running, but what
length is necessary?
FEE data format

In conventional TDC
» Data header (trailer) exists as the boundary of the data block.
* It may contains data size, event number, flags, etfc...

In streaming TDC
* No local data block, an event, exists. Another data format must be introduced.



Data collection relying only on timestamps

Consider the case for J-PARC slow extraction

. . . . Spill Spill
« DC beam are delivered to the beamline during spill on. P! P!

start end

J-PARC SX spill Spill on Spill off
M////M

~2s ~2s
We need the continuous timing measurement over 2 s (spill duration of J-PARC slow extraction)
« Required dynamic range: ~10'0 (I ns TDC case)

Introduce heartbeat method: a technique to reconstruct the time without a long-length time stamp.
» Insert a special data word periodically
* | 6-bit heartbeat counter generates this period & |6-bit coarse count

Insert a delimiter data
Belong to N-th fragment called Belong to N+ | -th

heartbeat frame heartbeat data heartbeat frame
(time frame)

. I \’, ] . R. Honda et al., PTEP, ptab |28,
Series of data Series of data @ https://doi.org/10.1093/ptep/ptab | 28

N
7

Heartbeat frame length
« 1 /(125MHz) x Oxffff = 524 us


https://doi.org/10.1093/ptep/ptab128

Block diagram of Str-TDC

Vital block

Front merger
(32-to-1)

Vv

Front merger

A4

Multi-phase clock based unit
(1 ns)

Command
interface
Online Data Processing
(ODP) block Del'\rr:'fer * Has | 6-bit counter
imi
« Heartbeat count * Generates heartbeat
Generator + Controls ODP block
Leading edae In a channel . Calculate TOT
Hit signal g €99 » Discard trailing edge
> Timing Unit > i .V.
L/T Delay E Delimiter L/T TOT
merger line inserter paring filter
Timing Unit > +
Trailing edge « Calculate TOT * Heartbeat frame is
+ Discard trailing edge defined here
|
1
For HR-TDC
Tapped-delay-line based unit
(~30 ps) ,
Series of data @
For LR-TDC

(32-to-1)

Vv

Front merger
(32-to-1)

A\ 4

Front merger
(32-to-1)

\ 2

Back merger

(4-to-1)

To
data link
>




Implementation



Hardware

AMANEQ V1 G

- TOHOKU U.

A main electronics for
network oriented trigger-less data acquisition system
~ aI] mezzani.ne (AMAN EQ)
far 1/0°extension
« VME 6U size but it doesn't have VME bus
 VME crate without the power is used as a housing box

« Kintex7 with speed grade -2

_ = 1 * Transceiver bandwidth up to 10Gbps
! | for « Can implement SiTCP-XG
' *  Main input ports compatible with HUL

2 - Mezzanine slot

DDR3-SDRAM 1= (= (compatible with _  Has two mezzanine slot
(DDR3-800,2Gb) .= HUL « Compatible with HUL
’ ' ¢  Mount HUL mezzanine HR-TDC
Y - NIM /O  Mount DCR mezzanine for DC readout
b= -0 - Belle2 trigger port (master clock)
RJ45 ﬁ; : « Has a jitter cleaner (CDCE62002)
e L U el - DDR3-SDRAM as a de-randomizer
compatible) . atminpu . . .
e b p_ & L : part - DDR3-1333 with | 6-bit bus width.
(Diff.-signals) e 2Gb
': “=Power : * It allows us to use spill off fime for data transfer
= | ~(DC30-35V) | R » Powered by the external power supply with DC 30-35V

Open source consortium of Instrumentation 1 0



DDR3-SDRAM
(DDR3 -800, 2Gb)

9

= NIMIO

RJ45
(Belle2 trigger
compatible)

Povver
| «(DC 30-35V)

Hardware

=
AMANEQ V1 o

= TOHOKU U.

all mezzanine
I/O*€xtension

Mezzanine slot

- (compatible with _ P —

Attach

Main input
: part
(Diff.=signals)

HUL/AMANEQ mezzanine HR-TDC

Connectto nﬁ St
main board 18  Xilinx Kintex/
160T-1 FBG676

TR

VT 3

=
=
=0
=
=
=
=2
:“2
=)
5

U CAAACQ *f

T T1-Bbai-#3 T MASAL W1 30AM

32 ch tapped-delay-line (TDL) based HR-TDC
* Input IO std.: LVDS (ECL is not supported)

« TDL consists of a CARRY4 primitive chain.

Both leading/trailing edges
Intrinsic resolution: 15 ps (o)

11



Streaming HR-TDC on AMANEQ

Modulated clock
from upstream (distributer) module

S AMANEQ Str-HRTDC
S | « Input: 64 ch (32+32)

: « Timing resolution: ~25 ps (0)
TDL based FPGA

HRTBC * Synchronization precision of MIKUMARI is
E i : included

 Data link: | OGbE
« TCP/IP provided by SiTCP-XG
* Operation mode
_ ¥ « Stand alone mode
= WETDL basedFPGA « Sync with MIKUMARI system

HR-TDC

|

»”

Tested in the beam experiments at RCNP Grand
RAIDEN and J-PARC hadron facility

Data transfer
(8 Ghps)

N

12
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IN—FE—FMNXLENPEETIRLVEY 7 I EFRERLKD =6
N ODOHLZRAETT TNy T 7IEARY WS W ITR B

Heartbeat
delimiter

Programmable full thresholdMEREIZH L 5 Fmsd 7= 72\

BENTL—LLH
T Y EELRW
(BIZISBE T L — LT L)
TDC data
Input S HBF Output Data
throttling | Buffer throttling throttling link
BT —4 2EHNKW Z2WTlLEFET7—%
%
7—: f:anﬁ%Elé\ % e
« JAY—TREZIEHI\V B Xinput throttlingd 88 1) <

« Trigger¥BusyllL 3/ > ) > 7I3EKX

-_—

BT
- DAQ efficiency® Rfgd Y EMIZR Z (W) REILEER

=

TENEHEKEDHRCRE > T\ 5)



FEEA'DAQRUN® 2\ K 2 Z B DAEH#EAL,

EVaAa-IADhSET—IHR-> TR BH

e FEENY 7 70— IR >TT—9BENTI T7vat 3 (EIZEDOH)
o WETRIEEICL Y —BFICFEENEERE T 5

o HHIHNT FA/N—%3| 5 Z1k<

COWVHIRDAQE O ENLEDHL W HIDF a A ANHY RIADKIHRERIILEDL VA ZER-> TV 5
VI2bhb9x2zPIC&B)AHANY)—=FatvR
e BV ALY BENEIZEDAQOIEREM L E Z T AL T WD

e TLRERIFANTULIHNEBICLEZHELEZ 5NS
e 2FEENHI» TWABTF—92Fr L TARY FBERIPERLVDIZTF—9E2BRYEITTLE D

W HNIZE LDAQ efficiencyMetH Y E= 9 —HDN"EBEERFAEAICL->TL 5



HORFZIBEHEAN

Trigger-less DAQTIRBR L ITHBERBHERANLY ¥'2 3

B %I F 3 (Clock synchronization) o EBAC L FEED 7 O 9 7 (5 S E LA 25
« BRI EEEFZICEHOE S YL B OHAhEE TP LB VEAS (BAF TP 2)

tHnPoRFZRA T oL
e 70y 7 ESORKERAET LWV VwustEE
- RREREIE%*T % ¥ nskEE

¥ 12 Z D5 : CERNDOWhite Rabbit

« 2R 70y JESOEMUBMEEZ BB TITV sub-nskiEE21E 5
White Rabbit®D R}

« Synchronous EthernetiCE DWW TWSLORREDREBEE = EETIT LW

LR Y L TWhite Rabbitld ZEZNDFEELTESIZITE > TV W
MIKUMARITZ 2 %3227 WH ?

PTPD & 3 @ Fik C (UtB EHEMEE Z FPGAZ 1T TER L
sub-nsDEE Y50 pstEE =55 2 ¥ = BAZI(C



Summary

« So far, we have developed several key technologies for the general purpose DAQ system
 Tapped-delay-line based FPGA high-resolution TDC
 Heartbeat method to overcome a problem of long-length counter
« Simple and light-weight synchronization technology: MIKUMARI

Today, we are considering not only the development of key technologies but also the standardization of
the developed items.

 Implementation of Streaming HR-TDCinto the AMANEQ board
« TDL based HR-TDC is outsourced to the mezzanine card
« 64 (32+32) ch input per AMANEQ using two HR-TDC mezzanine cards
« ~25 ps timing resolution including the synchronization precision.
 Data communication by | OGbE

* Clock/timing distribution system, MIKUARI system was developed.

 The developed Str-HRTDC was tested in the RCNP Grand RAIDEN and J-PARC hadron facility.
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Tapped-delay-line based FPGA TDC

Timing interpolation technique using tapped-delay-line (TDL)

Delay
- > P [ 1 p- >

Clock signal |

gy [ | 2| 2] 2]

clock ! 1 I I l’

Take a snap shot of a pulse running on TDL

Hit input

ol (]
[=ili=1li=1

TDC implemented in AMD Kintex-7 FPGA
« Use CARRY4 element
192 taps corresponding to the vertical size of a
clock region.

g 8
a 1§
n 8
i
@
.

Timing resolution: |5 ps (0)

[
i [

HLLLIFITEDOEFUNY AT LFEELSDZA S A K% 28

[=i]is=n
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MIKUMARI link

Clock/data distribution system based on the modulated clock signal (CDCM) using a single transmission line

modulated clock

Oscillator > pLL S| pLL
Parallel clockl [ Serial clock | \L
: ! v vV
1 1 1
I 1
MIKUMARI [€> CBT ! i : | CBT |«>| MIKUMARI M
RX h — TX
! A
Functions

* Frequency synchronization by transmitting a modulated clock signal
« Data communication based on a data frame
 Pulse transmission with the fixed latency (synchronized with parallel clock signal)

Features

« (Can be implemented in a regular bank. It’s independent from high-speed serial transceivers such as MGT in AMD
FPGA:s.

» Any PLL is workable as the clock recovery circuit.



Data transfer speed via SITCP-XG

Test setup
AMANEQ Switch PC
SITCP- FS N Read data using
XG S5860 20S SEP
FPGA Q C++ software.
SFPY CPU: i7 6800K
NIC: Intel X520 Tested by H. Sendai (KEK E-sys)
0S: CentOS8
Measured throughput
2 Obtained throughput: 9.12 Gbps
& ~96% of TCP payload limit (MTU 1500)
50
:
=
=
ol | | | | |
2 4 6 8 10

Source [Gbps] 91



Firmware configuration

Data
source

Vv

FIFO

Throughput of DDR3-SDRAM

Instruction
controller

Vv

Micron MT41J128M16JT-125
Max speed: DDR3-1333
Bus width: 16-bit

Data bus of SDRAM is bi-directional.

Controller

(MIG)

N

\

Memory operation is determined by command.

Tested write/read pattern.

Write
N-times

Read
N-times

}

v

Number of bank machine: 8
Burst length: 8

10

Throughput (Gbps)

Memory throughput
/ -
2 4 8 16 32

DDR3-800 -—-e=DDR3-1333

Obtained throughput (reference value)
DDR3-800

 ~4.8 Gbps (6.4 Gbps)

DDR3-1333

 ~7.9 Gbps (10.66 Gbps)

***Access to the same memory bank.
Larger over head when changing the bank address.

22
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