A demonstrator for a level-1 trigger system based
on MicroTCA technology and 5Gb/s optical links.
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ABSTRACT. A demonstrator for the CMS Level-1 calorimetégder system has been designed,
manufactured, tested and a time-multiplexed trigggremented. The prototype card uses the
AMC double width form factor, 5Gb/s links and a iK® XC5VTX150T or XC5VTX240T
FPGA. A possible implementation of such a triggeahitecture in CMS is described.
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1. Introduction

The CMS experiment Level-1 trigger system selauisrésting physics events at a rate of
100 kHz from an input rate of 40 MHz. It is designto operate up to a luminosity of
10* cmi?s®. The luminosity will increase to 2x¥cm? s* with the planned LHC phase |
upgrade in 2015 and reach 5%16m? s* with the LHC phase Il upgrade in 2020. The Lelel-
trigger system will operate well up to the nomihahinosity, but beyond that it will degrade
due to pile up events that will make distinguishipigysics objects from background more
challenging.

To counter this it is planned to upgrade the caleter clusterisation algorithms and
improve the resolution at which these operate abttiey take full advantage of the 0.§8¢
0.08% granularity of the trigger primitives generated B@AL (Electromagnetic Calorimeter)
and HCAL (Hadronic Calorimeter). The upgrade wibo leave open the potential to include
trigger information from the Tracker at Phase Il.

The extra algorithm complexity is only now feasiblecause of the continuing advance in
digital signal processing performance in reconfidple programmable logic (FPGAS). This
should allow CMS to build a much more powerful, gghpler and easier to maintain trigger
than we currently have. This technology has charestics that are significantly different from
the technologies used in the past.

Firstly, high-speed serial links have emerged asxaellent way to bring large volumes of
data into FPGAs, but they have a high latencyclpi 100-200ns. It is therefore essential that
the number of serialisation stages be kept to @amim. Consequently, all our new designs are
based on just 3 or 4 serialisation stages, whicktnmelude both the serialisation stage from
ECAL and HCAL to the calorimeter trigger and thos¢he GT (Global Trigger).

Secondly, the time per processing step within tgerahms has gone down substantially
so that FPGAs now operate with a few 100 MHz clockhis lends itself to a pipelined
architecture rather than one that is simply clockEdr example, imagine data being clocked in
from a serial link at 240MHz (i.e. LHC bunch crasggiclock x6). A conventional architecture



will wait until all the data are present and theogesses it in parallel, first doing task A, then B
then C, etc until the next bunch crossing (i.eomsists of 6 stages that are only active for 1/6
the time). In a true pipelined design all tasks mmning concurrently with new data fed into
task A on each 240MHz clock cycle. This approacbrily really applicable when you start to
have many clock cycles of data to process.

These observations led to a re-evaluation of threenu calorimeter trigger architecture,
which follows a conventional design of nodes thatcpss small parts of the detector for every
bunch crossing to one based on a time-multiplexekitaecture that processes large areas of the
detector over many bunch crossings. It was firsppsed by John Jones [1].

The calorimeter trigger is one of the most challeggspects of CMS because the large
data volume of several Tb/s has not just to be gueed, but also (a) the data must be
shared/duplicated between processing nodes tdysavsindary constraints (b) the resulting
physics objects need to be sorted in order of Stgmce (c) this must be achieved within a
latency budget of ~is.

The data sharing is a particularly significant ¢oaist, which has in the past required
complex systems/backplanes to share/duplicate loeitaeen processing nodes. In a time-
multiplexed trigger, data from a single bunch croggbx) are concatenated and delivered to
processing system over several bx. This approaghines several processing systems operating
in a round-robin fashion (i.e. processing systetakes bx = n, processing system 2 takes bx =
n+1). We currently envisage approximately 10 prsgssystems. The major advantage with
this approach is that the whole system becomes muarie efficient because the ratio of the
area processed to the boundary area is substamtiedeased. This results in fewer cards, which
also makes the subsequent sort simpler.

The obvious drawback with this approach is thatehe an immediate latency increase to
time multiplex the data; however we expect thipdooffset by the ability to build a much more
compact trigger, requiring fewer serialisation stg The system also has other advantages.
For example, it is possible to prototype the erttigger system with just 10% of the hardware.
It also offers redundancy because if one of thegssing systems were to fail the data could be
redirected to a backup processing node. The sydte® not requite complex active or passive
backplanes and can be built with a single cardydesi

2. Technology Demonstrator: MINI-T5

In order to evaluate the feasibility of differerigger architectures, gain experience in the
latest technologies (e.g. MicroTCA) and developdbee firmware and software blocks that are
common to many designs we have developed a doudté;Wull-height AMC card, MINI-T5,
to prototype new trigger designs.

The card is compatible with either a Xilinx XC5VTZQAT or XC5VTX240T FPGA. The
card has 32 input and 20 output 5Gb/s optical lithled provide 160Gb/s (input) and 100Gb/s
(output) of optical IO capability. The optical mdds are two QSFPs that each provide 4 bi-
directional links and 2 input, 1 output SNAP12 (Ryv POD (Rev-1) that are uni-directional
and transmit or receive up to 12 optical links eadrhe switch between SNAP12s to PODs
between revision 0 and 1 of the board was driverplsi by a lack of availability of SNAP12
devices, however these are once more availablee 3Phoptical links (SNAP12/QSFP) were
tested in two stages, each with 20 in externakfloopback and the rest in internal transceiver
loopback because of the single SNAP12/POD outpte links were operated for 12 hours
without error, corresponding to ~7X2@its. The POD optics on Rev-1 will be tested #ior



The majority of the remaining high-speed seriahsiivers are connected so that the card
is compatible with the services available from andard MicroTCA telecom crate with the
MCH in the primary slot (i.e. Ports: 0 (Etherne)(SATA/SAS); 4-7 (Fat-Pipe — e.g. SRIO,
10GbE, PCle)). The absence of a dedicated PCik ahoa telecom crate does require that any
PCle devices support the PCle independent cloclorpt The last two high-speed serial
transceivers are connected to AMC ports 1 and tBaothey can utilise the DAQ functionality
provided by the CMS service card [2]. The remamMC ports are connected to LVDS.

In addition to high-speed serial connectivity MIIN®- also has dual 40x800 Mb/s LVDS
IO via a 40 way differential Samtec connector adhegi side of the card. These can be joined
together via an off-the-shelf Kapton cable from &sn It provides a 2x32Gb/s low-latency
connection. An Atmel AVR32 microprocessor providiesll control and a USB2 interface.

3. Firmwarelnfrastructure

The firmware core architecture is relatively simplé comprises 5Gb/s GTX transceiver
elements configured to have the minimum latencysides without bypassing elements such as
the transmit FIFO or receive elastic buffer. Thear be bypassed to reduce latency, but with
extra complexity. A low latency design in the G@ioject suffered from data corruption
depending on the firmware build [3]. The problemsveaentually traced to subtle clock routing
issues which were eventually solved, but it shdwed tonsiderable care must be taken when
using the serdes blocks in a non-standard contigura

The GTX transceiver transmit data path or the @lgorinput can be driven by a pattern
derived from a bunch crossing counter or from depatinjection RAM. The RAM can also
capture incoming data. The firmware validation dlves driving data out of the GTX
transceivers, onto optical fibres (different lergjthand then receiving it with different GTX
transceivers. This ensures that the low-latenoglsonisation blocks that align the incoming
data are fully tested.

The algorithm input is simply an array of 32bit widlata generated from the GTX
transceivers which makes swapping in/out differgligbrithms very simple. A DAQ capture
unit is placed both before and after the algorigmabling algorithm verification in software.
The DAQ units capture an array of 32bit wide datarbitrary length in a pipeline which is
transferred to a DAQ buffer upon receipt of a Leliétigger.

4. Trigger geometry of CM'S

The region of CMS in which both ECAL and HCAL triggginput data are present spans a
range of +/- 3y and all ofp. It is segmented into 56 towerstwinand 72 towers ip with a
granularity of 0.08 x 0.087¢ up to +/- 1.74n. The HF (Forward Hadron Calorimeter)
extends) coverage up to +/-f, albeit at a coarser resolution. On each sigeségmented into
8 units inm and 36 units i, which is mapped onto 16 towersijrand 72 inp. Plans exist to
double the resolution of HF in bothande so that it matches that of the rest of the caletén

5. Firmware Algorithms & Laboratory System

The laboratory demonstrator system is simplified feaus on the resource-hungry
components of the trigger algorithms. It assigniss8oer tower for both calorimeters, which is
used solely for the energy deposition. In thetegssystem there are 9bits per tower, with the
extra bit used for calorimeter-specific informatioithe demonstrator system also ignores the



HF because the lower resolution (double tower) migking ECAL in this region reduces the
data rate by a factor of 8.

The demonstrator system is therefore a good appaiion to the challenges posed by a
real system. In the full lab system there would®Bdinks running at 4.8Gb/s, each loading 2
ECAL and 2 HCAL energy depositions per 120MHz clock single clock cycle therefore
loads an entire row of constap{i.e. 56 towers im). At present we have limited the system to
12 input links because with a single card we cadnge all 28 input links.

It therefore takes 72 clocks to loop over the fpllspan of 72 towers. The entire
calorimeter is therefore loaded in 24bx. Thisds tbo long for the final system, but in the
laboratory this is perfect for testing algorithmEhe test system required 22% of registers and
29% of LUTs and almost all BRAMS within the smalleEPGA (XC5VTX150T). External
RAM will be available in a final design.

The current system only has the electron-findirggpalhm implemented, which has been
verified using a C++ testbench in conjunction witbdelSim's Foreign Language Interface.

Work on the jet finding and subsequent sort has lwk#ayed so that a robust software
structure for hardware access can be put in plazes{milar CMS HAL for VME access). The
electron algorithm used is the 2x2 clustering atgor [4], albeit implemented for a time-
multiplexed trigger.

6. Time-Multiplexed System for CM'S

There are many ways to time multiplex the incomiadprimeter trigger information, of
which one is shown below (figure 1). It assumeswlorst case (i.e. that the HF calorimeter is
upgraded to operate at tower resolution rather tharcurrent 2x2 tower resolution and that the
system is upgraded to transmit 12bits per towdrerahan 9bits.

36 links from ECAL and HCAL @ 2.4Gb/s per card

* + Figure 1: An example of a time
multiplexed trigger within the
PP = Pre-Processor x36 PP+ x36 CMS experiment. A full
MP = Main-Processor explanatiion is given in the text
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+ + 1 link @ 3.2Gb/s per card to GT

The Main-Processor (MP) nodes are split acrosscawds (MP+ and MP-) so that we have
some margin (i.e. not operating at extreme limitF®GA link technology). The cards each
process either positive or negatiye There are 10 of these MP nodes operating immadoobin
scheduling manner, each only receiving data foryetenth bunch crossing. The two cards
receive a single 9.6Gb/s link from each Pre-Prawe$3P) card in their respectivehalf. They
also receive 4 links from the 4 adjacent towerth@opposite| half so that they have sufficient



boundary information to build physics objects a¢ thoundary between the two processing
nodes.

The Pre-Processor cards spanning the barrel ancherehch receive ECAL and HCAL
data in a ring that is 1 tower wideWnand spans the fud circumference. The lack of ECAL
data in the HF region enables these rings to losvErs wide im. This requires 2x28 cards for
the the barrel and endcap and a further 2x8 foHfR@nd thus 72 PP cards in total.

7. Latency

The current latency of the calorimeter trigger platim the input of the serdes blocks on
the Synchronization & Link Boards that are mountedthe ECAL and HCAL trigger cards
through to the output of the serdes blocks witliie GT Pipelined Synchronising Buffer is
approximately 47bx (bunch crossings).

In the time-multiplexed example outlined here thiehcy is expected to be 44bx with 3bx
contingency. It assumes that the final jet clusgeand sort (not yet fully implmented) will take
an additional 4bx beyond the 4bx used for the sdactlusterisation and that the link will take
6bx. This is quite conservative but may be wisegithat there is no guarantee that the final
FPGA transceiver will operate in precisely the savag.

The transceivers on the MINI-T5 are operated at/5®@hth a 32bit wide fabric interface
running at 125MHz and use the receiver side eléstifer with minimum latency. The latency
of a GTX transceiver on the MINI-T5 has been meadio be 5.3bx in internal loopback mode
through the PMA (Physical Media Attachment) sectidm theory the minimum latency should
have been closer to 4.0bx. The discrepancy hastoydte investigated. Note that in a
conventional trigger system the algorithm waitslwait the bunch crossing data are present and
thus it is necessary to add another bunch crosdifegency. The slowest data path through the
custom synchronization block will only pass througtsingle LUT and thus the additional
latency is very small.

8. Conclusions

The core part of a prototype time-multiplexed cahater trigger for CMS has been built
and tested in a relatively short time span. It diestrates that such a scheme is feasible and
provides a useful test bench on which to developvliare and software for the final system.
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