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1. INTRODUCTION 

1.1 PURPOSE 

This document outlines the minimum requirements for the front-end readout 

data format and the back-end FPGA data processing. 

1.2 SCOPE 

This document envisions the data interfaces between the VELO front-end and 

back-end electronics, as well as the output of the back-end firmware. 

It also outlines the required algorithms that will enable the back-end 

electronics to output events compatible with LHCb data acquisition [1]. 

2. CURRENT DETECTOR  

The current VELO data acquisition system is described in these papers 

[2][3][4]. 

2.1 DATAPATH 

Every hit collected in a pixel of a VELO sensor that generates a charge beyond 

a configurable threshold produces a binary hit in the front-end ASIC (VeloPix). 

Pixels are grouped into Super Pixel Packets, consisting of 2 columns by 4 rows. 

The binary information from these Super Pixels travels through the pixel matrix 

to the bottom periphery, where it is framed and transmitted via four serializers 

running at 5.12 Gb/s. 

Since pixel data transmission through the matrix is not instantaneous, pixels 

closer to the periphery reach the serializer before those farther away. As a 

result, the output data is not sorted by timestamp. 

The serialized output is then converted to optical signals and transmitted via 

optical fibers to the readout boards (TELL40s). 

The TELL40’s role is to create event fragments and forward VELO data upon 

request from the TFC system. However, due to the specific data path in the 

VeloPix ASIC, the TELL40 cannot be shared with the rest of LHCb: 

• The use of a VELO-specific front-end serializer requires a dedicated 
TELL40 deserializer. 

• The transmission of unsorted packets per BXID necessitates the 

development of custom decoding and alignment blocks. 
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Once the data is sorted, it is aggregated into event fragments, clustered in a 

dedicated firmware, and sent out via the VELO-specific firmware. 

 

2.2 GLOBAL NUMBERS 

In summary, the acquisition system consists of 52 TELL40s (one per front-end 

module), each with 20 input links operating at 5.12 Gb/s. The back-end 

firmware is structured into two data streams, each capable of handling a 

maximum throughput of 50 Gb/s. 

2.3 DATA FORMATS 

The VeloPix and the readout board firmware output formats are described in 

the following documents: 

• VeloPix front-end data format: 

https://edms.cern.ch/document/1909248/5 

• Readout board output format: 

https://edms.cern.ch/document/2086526/7 

 

2.4 PARTICLE RATE, HIT RATE AND SUPERPIXEL RATE. 

The VeloPix output rate is dependent on the number of particles. But this 

number is very different form the number of pixels that get trigger as you 

could see in the Figure 1. The use of super pixel packets allows to reduce the 

data rate and get it like the one of particles.  Similar concept should be use in 

the Upgrade 2. Considering that plane tilting will increase the cluster size. 
 

https://edms.cern.ch/document/1909248/5
https://edms.cern.ch/document/2086526/7
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Figure 1: Readout rate in terms of particles, pixels and Superpixels. 

 

3. VELO UPGRADE 2 ACQUISITION SYSTEM 

The VELO data acquisition system will face multiple challenges in Upgrade 2 

[5][6] of LHCb due to constraints in the on-detector electronics, including 

increased data rates, radiation hardness, and operation in the LHC vacuum. 

3.1 GENERAL ARCHITECTURE OVERVIEW 

During Long Shutdown 4 of the LHC, the LHCb readout system will be 

upgraded [7] to cope with the increasing luminosity and, consequently, the 

higher data rates. Architecturally, the readout system will remain similar, with 

readout boards collecting data from the front ends and generating event 

fragments synchronously with the TFC system. 

High-speed data transmission between the front-end ASICs and the back-end 

electronics is a critical aspect of this upgrade. The front-end ASICs will produce 

data rates of up to ~100 Gb/s, requiring a non-LHCb standard serializer1. The 

proposed solution is to embed a high-speed serializer within the front-end 

ASIC and connect it directly to an electro-optical converter. Two optical 

conversion technologies, Silicon Photonics (SiPh) and the Versatile Link+ 

transceiver (VTRx+), are currently under evaluation. 

 
1 The others LHCb subdetectors send the front-end data, at a maximum speed of 1.28 Gb/s 

per e-port, to the lpGBT ASIC, which serializes the data and sends it to the VTRx+ optical 
converter. 
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3.2 READOUT USING SILICON PHOTONICS 

Silicon photonics optical conversion [8] offers the highest radiation tolerance of 

the two alternatives, a compact footprint, and higher speed [9]. Moreover, 

there is an ongoing effort within the detector R&D community (DRD7) to 

develop a photonic integrated circuit (PIC) within the timeframe of the VELO 

upgrade. However, implementing such a readout also presents challenges in 

terms of system integration. 

 

3.3 READOUT USING VERSATILE LINK+ 

Alternatively, to Silicon Photonics, we are considering the development of 

optical conversion using VTRx+ transceivers[10][11], which have already been 

used in the upgrades of experiments during Long Shutdown 3 of the LHC. 

4. FRONT-END ASIC 

4.1 DAQ SERIALIZER  

To keep both readout options—SiPh and VTRx+—open, a common serializer 

should be used. The “Silicon Photonics Radiation-Tolerant Integrated 

Transmitter” (SPRINT) serializer has been shown to be a suitable candidate for 

the VELO application. It can operate at a nominal speed of 25.6 Gb/s for SiPh, 

and at half that speed for VTRx+ readout. Other serializers could be proposed 

but they must comply with the radiation hard and line rate should be 

generated from the LHCb clock (40.0798 MHz) and compatible with 

commercial back-end receivers (SFP, QSPF, FireFly,…).  

4.2 OUTPUT DATA INFORMATION 

Maintaining the power budget and front-end ASIC requirements outlined in [5], 

the VELO Upgrade 2 ASIC should transmit data-driven packets containing at 

least the following information for each particle hit: 

 

• Spatial information: The position of the particle hit, either as 

individual pixels or clusters of pixels, associated with a specific BXID 

(Bunch Crossing ID). Figure 1 shows the estimated data reduction 

rate per event if the readout is made in terms of pixels or super pixels 

in the current detector. 

• Timing information: This should include two fields: 

o Coarse time: A 25 ns LSB field derived from the Bunch 

Crossing ID (BXID), synchronized with the LHC orbit. A 

minimum 12-bit counter should be implemented in the front-
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end ASIC to cope with the 3564 CLK of a full LHC orbit. For data 

transmission, a reduced counter of 9 bits could be send out of 

the ASIC. This counter must be reset using a dedicated TFC 

command [12]. 

o Fine time: A high-resolution timing field with an LSB of less 

than 30 ps, allowing discrimination of hits within the same 

BXID. To cover a window of at least 3 ns around the collision 

time, a minimum of 7 bits is required. 

• Charge: Charge information should be transmitted. Based on the 

studies of [15], at least the position of the highest-charge pixel within 

a cluster should be transmitted. To reduce data volume, this can be 

encoded using a minimum of four configurable thresholds. 

 

Front-end data reduction is essential to handle the increased data rate 

expected in the upgrade. It enables a reduction in both the number of 

required readout links and the power consumption of the front-end 

ASIC. Various strategies can be combined to achieve this reduction, and 

all configurations should be enabled via the ECS (Experiment Control 

System). The following outlines some of the possible approaches: 

• Clustering of hits within the same BXID: Hits occurring within the 

same bunch crossing can be grouped into clusters. Typical cluster 

sizes could be 3×3 or 5×5 pixels. 

• The ability to veto large event clusters will help prevent the 
propagation of events that are not relevant from a physics point of 

view. 

• Event-like output word creation: Structuring the output data into 

event-like packets enables data reduction by avoiding redundant 

BXID information and simplifies back-end processing. Each event 

packet should begin with a header indicating the BXID and the 

number of clusters included, followed by the data of all 

corresponding hits.  

For BXIDs without hits, the front-end ASIC must send an empty 

header to maintain data stream synchronicity. 

During ion run operation, where the hit multiplicity per interaction 

may be significantly higher, the sorting and event-building blocks of 

the front-end ASIC could overflow. In such cases, the event-building 

feature can be disabled via ECS, and the output data will be 

transmitted without further processing. 

• Other data reduction mechanisms should be discussed and approved 

by the VELO. 
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Special data packets should be sent to ensure the proper operation of the 

VELO system: 

• Synchronization command. As described in the ECS/TFC document 
[12], the front-end ASIC should reply over the DAQ links to a TFC 

synchronization command. This command should be queried withing 
the readout packets. The reply should contain: a unique ASIC 
identifier, the 12b BXID counter at the instant of receiving the TFC 

synchronization command, link identifier and a configurable pattern. 
The ASIC should be able to send this command up to 40MHz rate. 

• Pseudo Random Bit Stream (PRBS) sequences (31, 23, 7) and a fast 

clock (at the serial link speed) should be transmitted over the DAQ 
link for qualification purposes. 

5. BACK-END FPGA DATA PROCESSING 

The role of the back-end readout board (TELL) is to acquire data from front 

ends, eventually implement on-the-fly basic processing, concatenate them, 

and send them to the CPU. The gate-ware relies on common code as much as 

possible for each subdetector [14]. 

 

Figure 2: Readout board block architecture for proton runs. 

 

At the output stage of the VELO readout board firmware, the data should be at 

least: grouped into clusters, identified by the front-end, propagated with 

timing information having an LSB of less than 30ps within a range of 

approximately 3ns, and include reduced time-over-threshold information (2 

bits). 

To achieve this, it is likely that the firmware will include different 

implementations for proton-proton and ion runs. 
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• In proton-proton collisions, the front-end ASIC must sustain a high 

DAQ throughout (exceeding 100Gb/s), with all BXIDs having a 

maximum average of approximately 34 particles per bunch crossing 

for a 256x256 pixel ASIC (Figure 3) that will transform in the pixel 

rate of 89 pixels per BXID as shown in Figure 4. 

 

 

Figure 3: Average particle rate of ASIC in station 19. 
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Figure 4: Average pixel rate per ASIC and per Pixel in station 10. 

 

 The ASIC event sorter and builder will be designed with the proton-

proton readout in mind to minimize the output bandwidth of the 

ASIC. To achieve this, the firmware architecture will be structured as 

shown in Figure 2. 

• In ion runs, the front-end must sustain a data rate an order of 

magnitude lower than in proton-proton runs. Additionally, the 

number of hits per bunch crossing is significantly higher in ions than 

in protons. In this case, it is anticipated that the front-end will be 

read out in a non-event-like mode. For this scenario, the firmware 

architecture will be structured as shown in Figure 5. 

Figure 5: Readout board block architecture for Ion runs and calibration. 

 

Depending on the available resources after the RTL implementation, it may 

also be possible to integrate both architectures into the same build (Figure 6). 

The back-end card will run multiple instances of the same readout architecture 

in parallel. The current proposal involves parallel data streams operating at 

approximately 100 Gb/s each (256b @ 500 MHz). We will instantiate as many 

instances as needed to fully utilize the output bandwidth of the readout card. 

For example, PCIe v5 x16 or 400Gb Ethernet would require 4 instances, while 

PCIe v6 x16 would require 8 instances, and so on. 
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Figure 6: Readout board block architecture for the firmware combining proton with ion and 

calibration runs. 

 

From the firmware point of view, VELO specific firmware should perform the 

following minimal tasks: 

• Implement the front-end data processing of the multiple links. 

• Trace the data to the front-end ASIC 

• Create event fragments aggregating all the readout board input data.  

 

6. VELO OUTPUT DATA 

The VELO specific output data will generate event fragments per data 

stream. The generation of fragments is driven by the TFC trigger 

command.  

The output data will follow the LHCb standard described here [13]. In 

annex 2 there is the description of a possible scenario of output data 

based on front-end clustering output data and readout boards with 

100Gb/s bandwidth per data stream. The VELO output fragment data 

contains: 

• Bunch crossing identification (BXID) 

• Type of data identifying the type of readout architecture and the 

VELO subdetector. For example, if Ion runs end up with a different 

firmware than proton runs, it will be flagged with a different FType 

• The number of data packets belonging to the BXID expressed in 

bytes 

• Start of frame flag (SOF) to initialize transmission  

• End of Frame flag (EOF) indicating the end of the BXID transmission 

• Data valid set to 1 while there is data being transmitter 
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• 256b wide bus of data 

• TFC data transmitted alongside the data to warranty synchronicity of 

the system. 
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ANNEX 1: DATA RATES 

To make a preliminary estimation of the data rates, 3 different options have 

been considered. No event builder is considered in the ASIC which will reduce 

the data rate a bit more. 

• A cluster / SP packet with 42 bits:  

o 16 bits for the pixel address or 13 bits SP + 3 bits master position. 

o 2 bits for the ToT. 

o 7 bits for the ToA. 

o 9 bits for the Bxid. 

o 8 bits for the cluster or 8 bits for the hitmap (Like VeloPix). 

• Same as before but with the full ToT information of 6 bits. 47 bits in 

total. 

• A Superpixel / cluster like packet with 90 bits. Extreme case in number 

of bits. 

o 13 bits. 

o 48 bits for ToT (6bits*8 pixels). 

o 14 ToA (2 highest pixel). 

o 6 bits to select the 2 highest pixels. 

o 9 bits for the Bxid. 

For these 3 cases, the data rate for the hottest Asic will be: 71, 78, 153 Gbps. 

 

 

 Total SiPh PICs 
(4x 25.6Gb/s) 

Total VTRx+ BW per station 
(Gb/s) 

42b  768 896 666 

46b 768 1024 729 

90b 896 1408 1439 

 

Table 1: Estimation of PICs and VTRx+ for reading out the VELO, as well as the bandwidth per 

station (4 modules) and the readout board links, considering 3 readout boards per station. 
Note that 1 PIC or VTRx+ has 4 links.        

             

 Input links Output bandwidth 
(Gb/s)  SiPh (25.6Gbps) VTRx+ (12.8Gbps) 

42b 32 38 222 

46b 32 43 243 

90b 38 59 480 

Table 2. Estimation of readout board input links. Based on 3 readout boards per station (1 
boards every 8 ASICs) 



LHCb Project Document No 

LHCB–XX-XX-XXXX version X.X 
 

Page 17 of 18 

 

 
EDMS Internal reference No. xxxxxx 

ANNEX 2: EXAMPLE DAQ BOARD OUTPUT DATA BASED ON 
CLUSTERS. 

The output data of the back-end FPGAs will follow a similar streaming protocol 

as in the current detector (Figure 7) but at a higher output clock in order to 

match higher output rates. 
 

 
 

Figure 7: VELO specific firmware output timing diagram, compatible with Avalon streaming 

protocol. 

 

The 256-bit wide bus will transmit packets as shown in Figures 8 and 9. The 

256-bit wide words will be divided into 7 36-bit cluster packets, leaving room 

for 4 bits of padding every clock cycle. This small bandwidth loss (<2%) is 

acceptable as it simplifies the firmware development and the data decoding 

process. 

Each cluster packet will contain: 

• 24b of spatial information. Cluster location and hitmap. 

• 7b timing information 

• 2b ToT information 

• 2b ASIC ID 

Provisional rate estimation at the input and output of the back-end readout 

firmware can be found in annex 1.  

Figure 8: VELO specific firmware output data format. 
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Figure 9: VELO cluster packet information 
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