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Data Formatter system 
Challenging part  

in the FTK application for ATLAS 

Data Formatter  
(222 RODs vs 64 towers) 

Processed by 64 FPGAs mounted on 32 Boards 

RO
D 

RO
D 

RO
D 

RO
D 

RO
D 
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D 

132 RODs Pixel 90 RODs SCT 

η-φ tow
er Figure 2: The Four FTK ⌘ regions. Note the significant overlap in the high occupancy central

barrel regions.

2.1 FTK Towers

The FTK system partitions the ATLAS inner detector into four ⌘ regions as shown in Figure
2. The inner detectors are further partitioned into eight � regions. The � towers are split
again into 16 regions of roughly 22.5� with approximately 10� overlap. Thus there are 64
⌘ � � towers. The Data Formatter system remaps the ATLAS inner detector modules to
line up with the FTK ⌘ � � towers. As we will describe in later sections, the module and
ROD organization is less than ideal and will ultimately drive the overall design of the Data
Formatter hardware.

3 Data Formatter Preliminary Design

The initial Data Formatter design process is described in this section. It is important to note
that the Data Formatter hardware design is driven by input and output requirements, while
also maintaining flexibility needed to accommodate future expansion and allowing for changes
in the number of ROLs and module-ROD assignments.

3.1 Inputs from RODs

The FTK system is “grafted” onto the existing ATLAS DAQ system. A new dual-output
HOLA SLINK mezzanine card has been developed and approved for use on the ROD transition
boards. This mezzanine card “taps” into the ROD output data stream. Ideally, the FTK
system should have no impact on upstream ATLAS DAQ hardware. This means that the Data
Formatter must have su�cient memory to bu↵er or process the entire input record without
activating the flow control features of the data link. This also means that the Data Formatter
must remain flexible with regard to input changes. New ROLs will be added to the system.
The mapping between inner detector modules and ROLs may change over time. The Data
Formatter must be able to compensate for these changes without imposing any limitations on
the ATLAS front end electronics.

The Data Formatter receives 222 ROLs from the ATLAS RODs shown in Table 1. Chains
of inner detector modules are processed by the RODs and following a L1 trigger a variable
length list of pixel (or strip) hits are sent over the ROLs to the Data Formatter. Therefore to
begin the Data Formatter design process it is necessary to understand the mapping between
inner detector modules and the ROD boards. The module-ROD map has been extracted from
the ATLAS CORACOOL database and is assumed to be complete and up to date.

Module names reflect their physical location on the detector. For example, module
L1 B15 S1 M1A is located in Pixel barrel 1 and is located on the first half (S1) of bi-stave
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Today’s talk 
I would like to show what I am learning: 

 
1.  Study for data format from ROD (S-Link) 
2.  Study for detector ‒ readout mapping 
from FTK application point of views 
3.  Initial look at data volume  
with beam collision data 

Important basic knowledge for design, 
development, test, and commissioning 
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Data structure in S-Link 
Series of 32 bits words from each of SCT/Pixel RODs 

0xEE1234EE	

0x00000009	

0x03010000	

0x00111708 
0x0002EC8C	

0xA5002122	

0x000002E5	

0x00000084	

0x00000000	

0x200003F0	

0x813A0078	

0x81460178	

0x81110277	

0x81150278	

0x84230607	

0x84300707	

…	

0x89141164	

0x891A1066	

0x89501165	

0x40000000	

0x200103F0	

0x85070A11	

0x85070A10	

0x85070A0F	

0x850C0A12	

0x85060D04	

0x85070D01	

…	

0x8D1E0D8F	

0x8D070E8E	

0x8D240E8F	

0x40000000	

0x00000000	

0x00000000	

0x00000002	

0x000000C1	

0x00000001	

0x201003F0	

0x840C030F	

0x841D030E	

0x8409050D	

0x840C040E	

0x841A040D	

0x8511019F	

…	

0x8F060D0B	

0x8F0D0D0A	

0x8F260E0A	

0x40000000	

S-Link Header	 FE Module 1	 FE Module 2	 FE Module 3	 S-Link Trailer	

Specific data for SCT or Pixel	

FE M
odule 

FE M
odule 

FE M
odule 

FE M
odule 

FE M
odule 

FE M
odule 

FE M
odule 

ROD 

FTK  
(Data Formatter) 

S-Link 
32bits/clock	

4	

S-Link data structure 

0x11 = Pixel Barrel 



/21	

Data format of Pixel 
Pixel raw data format detail  

• Number of S-Link Header words and Trailer words are fixed as shown in Figure 1, 9 words
for Header and 5 words for Trailer.

• Definition of Sub-Detector IDs in H4 for Pixel and SCT readout is summarized in Figure 2.

• ROD Data words, which are discussed in Section 2 and Section 3, are located between
S-Link Header and Trailer without any additional words.

• The total number of the ROD Data words are stored in T4 so that it can be cross-checked
in decoding.

2 Pixel-ROD Data

The Pixel-ROD output words consist of series of data for individual FE readout modules that
are connected to the ROD. As defined in Figure 3, the data consist of Header words ([31 : 29] =
001), Trailer words ([31 : 29] = 010), Hit words ([31 : 29] = 100), Error Words ([31 : 29] = 000),
Raw Data ([31 : 29] = 011), and Timeout words ([31 : 29] = 011) [1]. In the most case, series of
(1) Header words, (2) several Hit words, and (3) Trailer words are recorded, while Error words
will be added only in case that errors are detected. The number of the Hit words depends on
the read detector response after zero-suppression.

Word 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Header

Triler Z H V

Hit BF

Error 1 1 1 1 1 1

Raw data

Timeout

BC IDModuleErrors001 Skipped L1ID Level1 ID

MCC Error Code FE Error Code

011 28 bits Raw Data

010 Bit Flip

100 FE Number Time over threshold value Bit Flip Column Row

000 FE Number -

001 0

Figure 3: Data format for Pixel readout. The P, Z, H, and V in the tables represent error bits.
The details of the error bit definition can be found in the Users Manual [1]. The “-” in the
table represents bits are not defined (i.e. not taken care in encoding and decoding). “0” is set
by RODs for these bits. Note: differently from S-Link case, the ROD data word are

not recorded in the order shown in the Table.

• The highest-3 bits are used to identify types of words (Fragment ID).

• The Pixel hit information may be completed with a combination of the following infor-
mation: Sub-Detector ID, Module ID (See Section 1), FE Number, Pixel Column, and
Pixel Row.

• In the Users Manual [1], another error word that is named “Error Words Old” is defined,
but not used in the 2011 data-taking (PROBABLY to be confirmed). Note that the
additional error words is not shown in the table above.

• Raw Data words are not stored in data taken in 2011.

0x200003F0	

0x813A0078	

0x81460178	

0x81110277	

0x81150278	

0x84230607	

0x84300707	

…	

0x89141164	

0x891A1066	

0x89501165	

0x40000000	

0010 0000 0000 0000 0000 0011 1111 0000   à Header Word	

1000 0001 0011 1010 0000 0000 0111 1000   à Hit @ (0x00, 0x78)	

1000 0001 0100 0110 0000 0001 0111 1000   à Hit @ (0x01, 0x78)	

1000 0001 0001 0001 0000 0010 0111 0111   à Hit @ (0x10, 0x77)	

…	

…	

…	

…	

…	

…	

1000 1001 0101 0000 0001 0001 0110 0101 à Hit	

0100 0000 0000 0000 0000 0000 0000 0000 à Trailer Word	
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Data format of SCT 
SCT raw data format details  

0x2001CAB3	

　	

0xD41280BB	

　	

0x80BB80BB	

　	

0x800BDD53	

　	

0xEE732002	

　	

0010 0000 0000 0001 à Header word	

1100 1010 1011 0011 à Hit @ 0x2B	

1101 0100 0001 0010 à Hit @ 0x41	

1000 0000 1011 1011 à Neighboring 2 hits	

1000 0000 1011 1011 à Neighboring 2 hits	

1000 0000 1011 1011 à Neighboring 2 hits	

1000 0000 0000 1011 à Neighboring 1 hits	

1101 1101 0101 0011	

1110 1110 0111 0011	

0010 0000 0000 0010 à Header word	

• Error bits on the header represent “preamble error” with the 28th bit, “time out error”
with the 27 bit, “level1 ID error” with the 26th bit, and “BCID error” with the 25th bit.

• Bit Flip (or BF) in the header and trailer words shows check-sum of the flop words (i.e.
all bits should be zero as long as there are no errors.)

3 SCT-ROD Data

As Pixel-ROD, the SCT-ROD output words consist of series of data for individual FE readout
modules that connected to the ROD. As define in Figure 4, the data consist of Header words
([15 : 13] = 001), Trailer words ([31 : 29] = 010), three Hit words ([15] = 1), Error words
([15 : 13] = 011), and Raw Data words ([15, 13] = 001). In decoding procedure, the hit words
are separated from the other data words first by checking the highest-1 bits, and then the other
words can be categorized by checking the highest-3 bits in decoding, since the fragment word
length is different only for Hit words. The Hits words consists of three types, which are so-called
“1st hit cluster expanded word” ([3] = 0), “1 hit cluster expanded word” ([3] = 1&[7] = 0),
and “2 hit cluster expanded word” ([3] = 1&[7] = 1). The fist cluster data are given by the
“1st hit cluster expanded word”, and the other are by “2 hit cluster expanded word” or “1 hit
cluster expanded word”, which depends on number of remained clusters. So-called “Strip ID”
is defined to be

Strip = Chip ID× 128 + Cluster Base Address

for the fist cluster, and it is incremented one by one for the following clusters. The
three Bunch Crossing SCT hit data are recorded around the Bunch Crossing pointed by the
Level1 Trigger, and the Bunch Crossing occupancy for individual clusters are stored in three
bits named Hit BC in the figure (BX−1, BX±0, BX+1).

Word 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Header P

Triler Z H V

1st Hit 1 side 0

Neighbering hit (1) 1 0 1

Neighbering hit (2) 1 1 1

Error

Raw Data 001 #bits - Raw Data

- Hit BC (2) Hit BC (1)

011 - FE Number Error Code

Chip ID Cluster Base Address Hit BC

- - Hit BC (1)

001 Level1 ID ROB Link Number

010 -

Figure 4: Data format for SCT readout. The P, Z, H, and V in the tables represent error
bits. The details of definition can be found in the Users Manual [1]. Note: differently from

S-Link case, the ROD data word are not recorded in the order shown in the Table.

• The SCT has two type of readout, “condensed mode” and “expanded mode”, and one

of the two is used. In the data taking 2012, the “expanded mode” is used. Note only
words for the “expanded modes” are shown in the figure.

• In the offline calculation, the “Link Number” defined to be
((ROB Link Number >> 4)&0x7) + (ROB Link Number&0xf) are used in offline decod-
ing.
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Hardware mapping 
Mapping between Detector & Readout 

•  Detector (x, y, z) - ( Module & ROD ) - FTK tower 
 

Cabling of ID is complicating 
Need to be understood for Data Formatter 

Figure 2: The Four FTK ⌘ regions. Note the significant overlap in the high occupancy central
barrel regions.

2.1 FTK Towers

The FTK system partitions the ATLAS inner detector into four ⌘ regions as shown in Figure
2. The inner detectors are further partitioned into eight � regions. The � towers are split
again into 16 regions of roughly 22.5� with approximately 10� overlap. Thus there are 64
⌘ � � towers. The Data Formatter system remaps the ATLAS inner detector modules to
line up with the FTK ⌘ � � towers. As we will describe in later sections, the module and
ROD organization is less than ideal and will ultimately drive the overall design of the Data
Formatter hardware.

3 Data Formatter Preliminary Design

The initial Data Formatter design process is described in this section. It is important to note
that the Data Formatter hardware design is driven by input and output requirements, while
also maintaining flexibility needed to accommodate future expansion and allowing for changes
in the number of ROLs and module-ROD assignments.

3.1 Inputs from RODs

The FTK system is “grafted” onto the existing ATLAS DAQ system. A new dual-output
HOLA SLINK mezzanine card has been developed and approved for use on the ROD transition
boards. This mezzanine card “taps” into the ROD output data stream. Ideally, the FTK
system should have no impact on upstream ATLAS DAQ hardware. This means that the Data
Formatter must have su�cient memory to bu↵er or process the entire input record without
activating the flow control features of the data link. This also means that the Data Formatter
must remain flexible with regard to input changes. New ROLs will be added to the system.
The mapping between inner detector modules and ROLs may change over time. The Data
Formatter must be able to compensate for these changes without imposing any limitations on
the ATLAS front end electronics.

The Data Formatter receives 222 ROLs from the ATLAS RODs shown in Table 1. Chains
of inner detector modules are processed by the RODs and following a L1 trigger a variable
length list of pixel (or strip) hits are sent over the ROLs to the Data Formatter. Therefore to
begin the Data Formatter design process it is necessary to understand the mapping between
inner detector modules and the ROD boards. The module-ROD map has been extracted from
the ATLAS CORACOOL database and is assumed to be complete and up to date.

Module names reflect their physical location on the detector. For example, module
L1 B15 S1 M1A is located in Pixel barrel 1 and is located on the first half (S1) of bi-stave
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Hardware mapping 
SCT Barrel ROD ID map 
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Figure 4.2: Drawing showing the sensors and structural elements traversed by a charged track of
10 GeV pT in the barrel inner detector (h = 0.3). The track traverses successively the beryllium
beam-pipe, the three cylindrical silicon-pixel layers with individual sensor elements of 50⇥400
µm2, the four cylindrical double layers (one axial and one with a stereo angle of 40 mrad) of
barrel silicon-microstrip sensors (SCT) of pitch 80 µm, and approximately 36 axial straws of 4 mm
diameter contained in the barrel transition-radiation tracker modules within their support structure.

This chapter describes the construction and early performance of the as-built inner detector.
In section 4.2, the basic detector sensor elements are described. Section 4.3 describes the detector
modules. Section 4.4 details the readout electronics of each sub-detector, section 4.5 describes the
detector power and control and section 4.6 describes the ID grounding and shielding. Section 4.7
discusses the mechanical structure for each sub-detector, as well as the integration of the detectors
and their cooling and electrical services. The overall ID environmental conditions and general
services are briefly summarised in section 4.8. Finally, section 4.9 indicates some initial results on
the operational performance and section 4.10 catalogues the material budget of the ID, which is
significantly larger than that of previous large-scale tracking detectors.

– 55 –
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Hardware mapping 
SCT (8176 Modules, 90 RODs) 
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Hardware mapping 
Pixel (1744 Modules, 132 RODs) 
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3D Pixel model 
3D Pixel model with ROD ID mapping  
(@Fermilab W/H 10) 
(3 layers in Barrel, 3 disks in Endcap) 
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Figure 1. The ATLAS Inner Detector.

Figure 2. A schematic view of the active region of the pixel detector consisting of barrel and endcap layers.

The active region of the pixel detector is shown in a schematic view in figure 2. The active part
of the pixel system consists of three barrel layers-Layer 0 (so-called b-layer), Layer 1 and Layer
2-and two identical endcap regions, each with three disk layers.

The basic building block of the active part of the pixel detector is a module (section 6) that is
composed of silicon sensors (section 5), front-end electronics and flex-hybrids with control circuits
(section 4). All modules are functionally identical at the sensor/integrated circuit level, but differ
somewhat in the interconnection schemes for barrel modules and disk modules. The nominal pixel
size is 50 microns in the φ direction and 400 microns in z (barrel region, along the beam axis) or
r (disk region). A few special pixels in the region between integrated circuits on a module have
larger dimensions — see sections 5 and 6. There are 46,080 pixel electronics channels in a module.

– 5 –

Z	 X	

Y	



/21	

3D SCT model 
3D SCT model ROD ID mapping 
(@Fermilab W/H 10) 
(4 layers in Barrel, 9 disks in Endcap) 
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2008 JINST 3 P07007

Figure 1. The ATLAS Inner Detector.

Figure 2. A schematic view of the active region of the pixel detector consisting of barrel and endcap layers.

The active region of the pixel detector is shown in a schematic view in figure 2. The active part
of the pixel system consists of three barrel layers-Layer 0 (so-called b-layer), Layer 1 and Layer
2-and two identical endcap regions, each with three disk layers.

The basic building block of the active part of the pixel detector is a module (section 6) that is
composed of silicon sensors (section 5), front-end electronics and flex-hybrids with control circuits
(section 4). All modules are functionally identical at the sensor/integrated circuit level, but differ
somewhat in the interconnection schemes for barrel modules and disk modules. The nominal pixel
size is 50 microns in the φ direction and 400 microns in z (barrel region, along the beam axis) or
r (disk region). A few special pixels in the region between integrated circuits on a module have
larger dimensions — see sections 5 and 6. There are 46,080 pixel electronics channels in a module.

– 5 –
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Initial look at real data 
Next, we can look at  

hits from each module with real data. 
My private decoder on SVN: 

https://svnweb.cern.ch/trac/atlasusr/browser/okumura/ftk/myPackage/bytestream_decoder/trunk  
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Data sample 
•  Run 182766, Lumi-Block 225 (2011) 
–  trigger : Egamma stream 
–  Instantaneous luminosity : 1.0E33  
– Number of bunches : 874 collisions @ P1 
– Pileup : <µ> = 7.3 

•  Run 167607, Lumi-Block 159 (2010) 
–  trigger : Egamma stream 
–  Instantaneous luminosity : 1.7E32 
– Number of bunches : 348 collisions @ P1 
– Pileup : <µ> = 3.1 
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#Hits/Event 
15	

Pixel / SCT Hit multiplicity distributions 
•  Note : Numbers before clustering 
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#Hits/Event/ROD 
Number of Pixel hits per ROD per event 

Note : Numbers before clustering  
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#hits/ROD
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#Hits/Event/ROD 
Same plot for low luminosity run 
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#hits/ROD
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#Hits/Event/ROD 
SCT Number of hits per ROD per Event 

Note : Numbers before clustering 
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#Words/Event/ROD 
Note: 1 Word is defined with 32 bits 
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#Words/Event/ROD 
Pixel 
 
 
 
 
SCT 
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#words(32bits)/ROD
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Summary 
Data formatter system is challenging  
 
Started to learn about basics  
for the FTK system: 
– Data format of S-Link 
– Hardware mapping 
–  Initial look at real data 

 
Much more will come in near future 
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Pixel coverage 
Pixel Barrel Layout  
#ROD =  22(A-L0), 19(A-L1), 13(A-L2) 
      22(C-L0), 19(C-L1), 13(C-L2) 

#ROD = 8(A-D1/D3), 4(A-D2), 8(C-D1/D3), 4(C-D2) 

2008 JINST 3 S08003
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Figure 4.1: Plan view of a quarter-section of the ATLAS inner detector showing each of the major
detector elements with its active dimensions and envelopes. The labels PP1, PPB1 and PPF1
indicate the patch-panels for the ID services.

The above operating specifications imply requirements on the alignment precision which are
summarised in table 4.1 and which serve as stringent upper limits on the silicon-module build
precision, the TRT straw-tube position, and the measured module placement accuracy and stability.
This leads to:

(a) a good build accuracy with radiation-tolerant materials having adequate detector stability and
well understood position reproducibility following repeated cycling between temperatures
of �20�C and +20�C, and a temperature uniformity on the structure and module mechanics
which minimises thermal distortions;

(b) an ability to monitor the position of the detector elements using charged tracks and, for the
SCT, laser interferometric monitoring [62];

(c) a trade-off between the low material budget needed for optimal performance and the sig-
nificant material budget resulting from a stable mechanical structure with the services of a
highly granular detector.

The inner-detector performance requirements imply the need for a stability between alignment
periods which is high compared with the alignment precision. Quantitatively, the track precision
should not deteriorate by more than 20% between alignment periods.
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B-layer η=2.78  

Layer1 η=2.21  

Layer2 η=1.90  


