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Abstract

The H1 collaboration has been asked to present to the OcR®R€rmeeting a “close to full” simula-
tion of the first level part of the Fast Track Trigger algonithincluding the current understanding of the
prospects for providing information to the level 1 H1 cehtriggger. This document contains the requested
information, including a near to final specification of thd fevel 1 system. The L1 trigger option has been
studied in detail. As a result it has now been decided to delhe L1 trigger option in the design.

1 Introduction

The H1 Fast Track Trigger (FTT) project is described in détdil]. The FTT is expected to provide informa-
tion to the level 2 (25:s) and level 34 100 us) triggers. During the design phase of the FTT it was reczaghi
that the device could also be used to improve the first lesekttriggering in H1 with only a marginal increase
in cost [2,3]. This ‘FTT L1 Trigger Option’ would improve thegnal to background ratio for most physics
processes. A notable and simple example is the elastic ptiodwof light vector mesons (e.@, ¢) for which
the vector meson decay products result in two charged traélen with lowp,. A fully integrated L1 trigger
algorithm design and simulation of its implementation indveare are now in place.

For this the following tasks have to be implemented withimlével 1 latency of 2.3s:

o the digitisation of drift chamber signals
e hit detection
e determination of pulse arrival times anetoordinates

e search for patterns of hits on groups of three wires congistgh track segments originating from the
vertex region

1The existing ‘DCs’ L1 track trigger has two loose thresholds gf ~ 400 MeV andp, ~ 800 MeV. The FTT will have
significantly improvedp, resolution, allowing variable thresholds fpy > 100 MeV. Unlike the DC# trigger, the FTT is also
expected to provide precise track multiplicity informatio



e linking of track segments from 4 different groups and geti@nsof a trigger decision

The track segment finding algorithm [3] has not changed quinedly since the last PRC presentation. How-
ever, its implementation in hardware has been investigated) simulation tools and the resulting estimates of
speed and required resources have formed the basis forrithedra specifications [4].

This note begins with a short overview of the main L1 tasks #edr planned implementation in hardware.
Each functional step is then described in detail. Resouloeadion and timing estimates from the simulations
are also given. A summary of manpower needs and costingea gt the end.

2 FTT L1 Overview

A flow chart of the main operation steps in the level 1 alganittan be found in fig. 1. The left hand branch
of this figure shows the steps taken before a L1 trigger dutigil KEEP) is received from the central trigger
(pre-L1KEEP). The processing in this branch is repeatecg&mh bunch crossing with a specific hypothesis
for the bunch crossing of originid). The final L1 trigger signals have to be sent to the centigdér within
approximately2.1 us of the event,. The right hand branch shows the related tasks to be pertbafter a
L1KEEP signal (post-L1KEEP) is received from the centrigiger (generated.3 us after thet, such that the
bunch crossing of origin is specified). No stringent timeitgnare imposed on this post-L1KEEP processing.
Wherever possible, the same hardware is used in the twolieanDetailed descriptions of each block shown
in fig. 1 are given in sections 3 and 5.

Fig. 2 shows the overall system architecture of the FTT, Gogeall three trigger levels. The crate layout for the
L1 system and an overview of the Front End Module (FEM) laysgiven in fig. 3. Fig. 4 shows schematically
the FEM and the main tasks to be performed in it. A short sumrogthe algorithm is given in this section.

Analogue Cards (top of fig. 4) tap selected drift chamber svaed feed the analogue signals into the FEM.
The data are digitised using FADCs. The information fromugreof three wires are then processed by ‘front’
FPGAs (Altera APEX 20K600) in which the hit and segment figgliakes place. Th@&t analysis performs a
hit recognition, determines the charge collected at eachevid and extracts thecoordinate using the charge
division technique. Hits are sampled at 80 MHz, though far ithitial stages of the algorithm and for L1
triggering, groups of four adjacent time slices are ORedthrdits are passed to shift registers synchronised
at 20 MHz. Track segment identification takes place by mathhe contents of the three shift registers
(one per wire) to predefined acceptable patterns stored ime@bAddressable Memories (CAMs). In the
pre-L1KEEP phase, this matching takes place for each burdsiog. In the post-L1IKEEP phase the shift
registers are frozen. After correcting for the fixed delagjnween the; and the arrival of the LIKEEP signal,
the corresponding regions of the shift registers are sahetsame CAMs.

The algorithm now divides into the two branches correspogith the pre- and post-L1KEEP cases as indicated
in fig. 1. Before LLKEEP, the data follow the arrows in fig. 4arnhe 1/0O controller. Track segments from
several FEMs are then sent via an LVDS channel link to Merged€and finally to the L1 Linker card. Here
track segments from trigger layers at different radii ardamed to identify tracks using a sliding window
technique ins(x 1/p,)-¢ space. The L1 Linker hardware is identical to the L2 Linkendct be built by
SCS [5] since the L1 and L2 linking algorithms are very simikinally, fully linked tracks are counted and L1
trigger signals (Trigger Elements) to be sent to the celrigder are formed.

After a LIKEEP signal is received from the central triggée shift registers are halted and the CAM match
for track segment finding is repeated. The finer granulaftiviz sampling information is retrieved for each
hit and the data follow the arrows in fig. 4 into the L2 validatiblock of a second smaller FPGA (Altera
APEX 20K400). Here, it is checked that the track segmentaiewalid in light of the 80 MHz information
and refinements are made to thand¢ values using this information. These steps are realizetjusok-up
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Figure 1: Flow chart of the functional steps of the L1 trackliimg algorithm.

tables implemented in external SRAMs. Finally the refined ealidated track segments are transmitted via
the LVDS channel link to the L2 system.

3 Description of FTT L1 Trigger algorithm

In the following, a functional description is given of alkegis required for the L1 trigger decision (top and left

branch of fig. 1). The steps in the post-L1KEEP phase (rigdmb&tn) are discussed in section 5. The mapping
of the algorithm onto the front and back FPGAs and the numbéits of information per segment passed

between the different stages are further illustrated insig.

3.1 Tapping of drift chamber signals at existing electronis

Analogue cards collect the drift chamber signals from thmutrio the existing DG track trigger system on
the front of the CJC FADC crates. A block diagram of the desigim be found in fig. 6. The Analogue Cards
drive (driver AD3138) the pre-amplified analogue signalaafingle trigger group (3 wires read out at both
ends) up td m to the FEM cards. This “plug through” operation producesimal disruption to the existing
H1 configuration. The functioning of the D&trigger will not be jeopardized, so that the FTT L1 and BCr
triggers can operate simultaneously during the commigsigohase of the FTT.



3.2 Digitisation

Signals from 5 trigger groups adjacent in theoordinate are fed to one FEM, resulting in a total of 30 input
analogue signals per board. These signals are digitised dsial 8-bit linear FADCs (AD9288) operated at
80 MHz clock frequency. Signals from both ends of each wiredigitised in a single circuit, such that the
effects of electronic noise on the subsequent charge divisiocess are minimised. The digitised data are
passed to an FPGA (APEX20K600) farm, where the subsequeoégsing to produce track segments takes
place.

3.3 Q&t analysis

The first step in the FPGAs is tligd:t analysis. Hits are detected using a DOS (difference of sejngthnique
as described in [3]. A hit is defined by the clock cycle of thetfinaximum in the DOS. Two hits can be
distinguished if they are separated by more than 50 ns.

In contrast to the description given in [3] it is now plannedeixtract thez coordinate separately for each
individual hit, rather than obtaining only onecoordinate per track segment. The new scheme improves the
robustness of the coordinate extraction. In addition passing the fuihformation for each wire to the L2
system allows a more flexible z fit with the possibility of outlier rejection.

A schematic drawing of the reviségl:¢t algorithm can be found in fig 7. The charge at each end of a wire i
integrated over several bunch crossings using a running&uj8]. Thez coordinates, determined by charge
division, are associated to hits at a later stage of the ilhgoi(see section 3.4). Thecoordinates are stored in
6 bits of information per wire, corresponding to a digitisatin bins of 3.4 cm. With the present gain, this bin
size is smaller than the intrinsieresolution even for highly ionising particles.

3.4 Shift Registers

The timing output from the&) &t algorithm is synchronised at 80 MHz clock frequency. For first stage

of the algorithm, groups of four successive 80 MHz digiizias are ORed in order to create shift registers
synchronised at 20 MHz. The shift registers at a given cloakteccan be thought of as a representation of
the positions of the hits in the chamber for a particélanypothesis. The shift registers are analysed once per
bunch crossing, such that every possifgltypothesis is investigated. In total five shift registeses fdted per

¢ cell. Three shift registers contain information from thesthwires of the the main cell and two further shift
registers contain information from a selected wire in theioamediately to the left and right. Track segments
crossing cell boundaries can thus also be recognised.

Since the@ &t algorithm provides hits separated by at least 50 ns, onlyhiinis possible per 20 MHz time
slice. The location of the hit in the four corresponding 80 Mtiine slices can thus be encoded in two bits.
This encoded information, which is later used for refinenpnposes after LIKEEP, is stored in a 20 MHz
shift register of two bit depth. By setting a fixed delay, theoordinate information is associated with the
corresponding hit and is stored in a further 20 MHz shiftsegi of 6 bit depth.

3.5 Pattern Extraction

A search for valid track segments in the plane takes place next. Valid track segments are definesdapgof
three hits, one in each of the three shift registers, cagrstistith a track originating from the vertex region. The
search is realised by dividing the shift registers into gaf ‘patterns’. A pattern comprises short sequences



of bins grouped together from each of the three shift registepresenting broad roads through which genuine
tracks may have passed. These patterns are presented to, @Abte valid segments are identified.

3.6 CAM match

The search for valid track segments within a pattern issedlusing Content Addressable Memories (CAMS).
The CAMs store the predefined valid hit combinations acrbedhiree registers. Invalid combinations do not
have entries in the CAMs. Where a hit combination from théstegs matches one of those stored in the CAM,
the corresponding output line goes high. There is a one torelaton between output line and stored hit
combination. The CAMs are operated in the unencoded meltitch mode, such that if more than one valid
hit combination exists within a pattern, all correspondaugput lines go high simultaneously.

A sufficient number of CAMs is implemented to store up to 20&&bmbinations per cell. That limit allows
all possible segments to be found for any track withi> 100 MeV, including cases where tracks cross cell
boundaries within a group of three wires. Because the CAMcmat performed every bunch crossing, all
possible hit combinations for all possililehypotheses are considered.

3.7 k-¢ mapping

The next step is to assignand¢ values to each track segment found in the CAMs. For the lef#ITLtrigger,

the full k x ¢ space is represented inRRax 60 grid for tracks of both charge signs. Each half CJC1 cell or
full CIC2 cell corresponds to a singhebin.2 With the help of the vertex constraint, each valid segmentiea
mapped uniquely to a bin in thex 2 histogram ink x ¢;, wherei refers to the trigger layer. The mapping
differs between trigger layers. The assignment of eaclik sagment to a bin position in thex ¢; histogram

is hardwired by ORing together all CAM outputs correspogdimthe same: and¢; bin. The final output to
the 1/0 control in fig. 4 is the unencodedx ¢; histogram for a particular CJC cell.

3.8 LVDS channel link and Merger Cards

Thex-¢; histogram blocks from all CJC cells are sent via Merger Ctvdbe L1 Linker card using the LVDS
channel link. On the merger cards thex 2 (8 x 1) k X ¢; histogram blocks from CJC1 (CJC2) are merged
together within a single trigger layer to produce a globatdgram of siz& x 60 in & x ¢;.

3.9 k-¢ transformation

The 8 x 60; track segment representation for each trigger layer ha® twamsformed to a global - ¢4,
representation for the linker card. This is achieved byimmuin a FPGA the appropriate input pins and internal
input lines to the linking algorithm. After transformatitime theoreticak - ¢, bin center positions of the dif-
ferent layers do not perfectly match. These unavoidabfessio not harm the linking algorithm (section 3.10)
because the sliding window technique used takes that itmusat automatically.

2The ¢ coordinates are defined at the track apex, rather than thexyén order to ensure this direct mapping between CJC cells
and¢ bins.



3.10 Linker

Linking track segments with compatibleand ¢ in different trigger layers is realised by looking for coinc
dences in the same or nearby bins in thep,;, histogram, using a sliding window technique (currently33

in size). At least 2 matching track segments out of the mawirpossible 4 are required. Although individual
track segments are usually valid for many bunch crossihgsségments can often only be successfully linked
when thely, hypothesis is correct.

3.11 Counting of track multiplicities and generation of Trigger Elements

The result of the linking step is&x 60 « - ¢4, histogram with entries wherever tracks have successfaliyb
linked. The Trigger Elements to be sent to the central trigge derived from the contents of this histogram.
The Trigger Elements can be based, for example, on a singtezhitrack or on track multiplicities with

a variety of programmablg, thresholds. Topological criteria (e.g. back to back caleaces) can also be
applied. The exact definition of the Trigger Elements resgiinput from the Physics Working Groups and can
be changed at short notice. A possible set is shown in table 1:

L1ITE# condition LITE# condition

0 Any track (event) 10-12  summed track charge ()

1,2,3 0-7 trackg; > 100 MeV || 13 back to back topology

4,5 0-3 trackg; > 200 MeV || 14 1-jet topology (tracks close i)
6,7 0-3 trackg; > 400 MeV || 15 2-jet topology (tracks close it)
8,9 0-3 tracky; > 1.0 GeV

Table 1: Possible definitions for the 16 Trigger Elementsetsént to the central trigger by the FTT L1 system.

4 Status of the L1 Trigger Implementation

The status of implementation of all L1 Trigger related tasksimmarised in table 2. All hardware components
are in or near the design stage with the exception of thedrigderface card, which merely converts different
signal levels. The backplane specifications are almostifigwhl Many aspects of the algorithms running on
FPGAs have been simulated with specialised software [6pamdow being coded in VHDL. A full ‘top down’
simulation has been written for the FEM tasks from the skdister creation to the— ¢ mapping. The linking
and track counting algorithms to be implemented in the Lkdircard have been simulated and are ready for
implementation.

5 Description of the Post-L1KEEP Step

After a positive L1 decision by the central trigger, the LIKESsignal is distributed to all branches. This signal
arrives atthe FTT a fixed time 2.4 us after the bunch crossing of origin, such that the exact eyaaimplied.
After receiving the L1KEEP, all FTT pipelines and shift refgirs are halted. The track segment finding as a
pre-processing step for the L2 linking and fitting operatioen commences. The pattern extraction is repeated
using a fixed region of the shift registers shifted by ablo®:s (24 bins at 20 MHz) from the region considered
at the pre-L1KEEP stage. Patterns are formed in an idemtiaaher to that described in section 3.5.



| Module | Function | Comment | Status | Responsible]
Analogue Card Provide existing path | design phase Manchester
analogue DC should not be | specification
signals affected complete
FEM hardware specification ready RAL
fine tuning needed
analogue simulation
Q&t analysis FPGA C simulation on existing data | RAL
in progress.
Existing VHDL to be reviewed
Shift Register FPGA/RAM coded in VHDL B’ham/ETH
simulated
Pattern FPGA coded in VHDL B’ham/ETH
Extraction simulated
CAM match FPGA/CAM coded in VHDL B’ham/ETH
simulated
K- FPGA with dummy routing coded in VHDL B’ham/ETH
mapping simulated
Merger Card | hardware design phase SCS/ETH
specification complete
data collection | FPGA FORTRAN simulation SCS/ETH
VHDL coding to be done
L1 Linker hardware design phase SCS/ETH
Card specification complete
L1 linking FPGA coded in VHDL B’ham/ETH
simulated
Generation of FPGA VHDL coding to be done B’ham/ETH
Trigger Elements
Service STC interface HERA clock specification Manchester
Module or PLL being finalised
Backplane custom VME/ common L1/L2| specification phase Manchester
hard metric backplane contact with Wiener
Trigger signal interface to be Manchester
Interface designed or B'lham

Table 2: Overview of L1 trigger components, their functilityathe design status and the responsibility.



5.1 CAM match

The search for valid segments in the CAMs is the same as tldltfos L1-triggering (section 3.6) as is the
number of valid hit combinations (up to 2048).

5.2 Priority Encoding

Up to this point, the processing of different regions of thdtgegisters has been performed in parallel. For
the remaining tasks, it is necessary to switch to serialgssing. ‘Priority encoding’ circuits are used to
serialise the valid segments output from the CAMs. The atar® of valid hit combinations emerge from the
priority encoder in sequence, ordered by address. This naeisecessarily imply any ordering of segments
by importance, though that functionality may be used foingxa to give priority to highp; track segments in
high multiplicity events. The 11 bit addresses, selectethfthe list of< 2048 possible valid segments, are
passed to a First In, First Out (FIFO) buffer.

5.3 Look-Up of hit combination

During CAM operation, the register positions of the threts rhich generate the valid match are lost. This
information is needed (section 5.4) in order to obtain tHeneel ¢ and thez information stored in parallel
20 MHz shift registers. The register positions of the thrige generating the CAM match is restored using
a RAM look-up table. Since there is a one-to-one relationbleitween the CAM output line and the stored
information in the RAM, this architecture is called a ‘tagdie

5.4 Retrieve refinedt and z information

The next step is to re-associate the finer granularity 80 Mitapding and the: coordinates of each hit with
the track segment found in the CAMs at 20 MHz sampling fregyefihe shift register positions of the three
hits extracted in the tag field (section 5.3) are used to Ignthe encoded 80 MHz timing information and
coordinates from the shift registers described in sectidnBhis information is later used to test the validity of
each segment in fine detail and to refine thend¢ values (see section 5.6).

5.5 Collection of track segments and refinement information

The 11 bit valid mask number and the associated 80 MHz refineimrmation and: coordinates are passed
from all five front FPGAs to a single smaller FPGA at the backhaf FEM (see fig 5). This FPGA serves as
I/O controller and also performs the final validation of theck segments.

5.6 Final validation of refined track segments

Before the track segments are sent out to the FTT L2 systesir, whlidity is tested in light of the refined
80 MHz hit information. In this step about 50% of the trackreegts are rejected because the more precisely
known hit combination cannot be extrapolated to the prinvarngex position. For each segment, 17 bits corre-
sponding to the 11 bit 20 MHz mask number and 3he 2 bit 80 MHz refinement information are fed to an
external SRAM where a ‘validation’ bit is added, indicatinether the track segment is kept or rejected. If it



is kept, a second look-up table in the SRAM is used to obtameimaining track parameters which are needed
by the level 2 system for linking and fitting.

The list of valid refined masks and corresponding«) coordinates are periodically determined using recent
calibration constants and are loaded into the external SRAMimes when data is not being taken (between
HERA fills or H1 runs). For this purpose, it is planned to ifista online calibration system, which continu-
ously monitors essential parameters such as the beamquositd the drift velocity in the chambers.

Finally, the full validated and refined track segments ariét.blihe information to be passed to the L2 FTT
comprises the curvature and slopep of the segment, the precise locatianif coordinate) of the hit on the
central wire and the coordinates of all three hits. The final track segments affetaa in this form in FIFOs.

5.7 L1-L2 LVDS channel link

The validated and refined track segments are buffered aradlgéransmitted via the Merger cards to the level
2 system using the same channel link as used for L1-triggerin

6 Status of the Implementation of post LIKEEP tasks

The status of implementation of all tasks to be performedrdfie LLKEEP is listed in table 3. Only those
tasks which are not common with the pre-L1KEEP processiadisted. The largest resource usage comes
from the priority encoding. This has been simulated in defie retrieval of the 80 MHz information and
coordinates have been coded in parts. The buffering and SBRéddss tasks to be performed on the the back
FPGA have not yet been coded, though these are standardiopsnahich will not present any problems.

| Module | Function | Comment | Status | Responsible|
FEM RAL

Priority front FPGA coded in VHDL B’ham/ETH
encoding simulated
Buffering of | front FPGA/FIFO | partly coded in VHDL B’ham/ETH
segments partly simulated
Look-Up hit | front FPGA/RAM | VHDL coding to be dong B’ham/ETH
combination
retrievez front FPGA/RAM | partly coded in VHDL B’ham/ETH
refinedt partly simulated
Collect back FPGA/FIFO | VHDL coding to be doneg B’ham/ETH
Segments
Final back FPGA/SRAM| VHDL coding to be dong B’ham/ETH
validation

Table 3: Overview of the FEM tasks after receiving the L1dgdgsignal (LLKEEP). Also shown is the design
status and the responsibility.



7 Timing and Necessary Resources

7.1 Timing before Level 1 Keep

Estimates of the times taken to perform all tasks up to theisgrof Trigger Elements to the central trigger
are given in table 4. The numbers in the table should be caedp@ar the latest point at which the Trigger
Elements can be sent to the central triggerX.1 us). The longest delay arises from the maximum drift time
to the chamber sense wires (about ¢:S). In addition to this, the delays due to cable lengthstidigiion, data
transmission between cards and Trigger Element transmissithe central trigger are also unavoidable. The
guoted delays related to the pipelining of the algorithmenebtained by simulation of the individual tasks.
The uncertainty in the simulations is of the order of a fewckloycles (10-12 ns) and is thus of similar size to
variations in the maximum drift time due to changing atmasjhpressure.

After accounting for all other steps, less than 20% of thaltat latency remains for the track finding algorithm
and Trigger Element definition logic. Estimates of the tiales for these last steps indicate that the algorithms
just fit into the available time. The VHDL implementation whihas been used to simulate the timing delays
has not yet been optimised and a few tens of ns may also be bg\aatimising the L1-L2 data transmission.

Since the timing is tight, a fall-back solution has also bemestigated, whereby hits from the longest drift
times ¢ 1.0 us) are ignored in the processing to produce L1 Trigger Eleme8tch long drift times occur

only in the outermost trigger layer of CJC 1 and represeny abbut 1% of all hits (see fig. 8). Cutting out
these long drift times would thus save 100 ns without a sicpguifi loss in track finding efficiency. With the
availability of this additional option, the FTT L1 triggerithbe able to provide useful information to the level
1 trigger within the available time.

Task Latency (ns) | Cumulative time (ns) | Reference

lonisation + drift to sense wires 1100 1100| calculated / measured
Analogue Cable Delays 180 1280 | calculated / measured
T-Analysis + FADC delay 108 1388 | VHDL simulated / specification
write shift register + synchronisation 48 1436 | VHDL simulated

CAM match 24 1460 | VHDL simulated

k-¢ mapping 0 1460 | VHDL simulated

transmission and-¢ transformation < 410 1870 | calculated and simulated [7]
Linking + trigger decision < 182 < 2052 | VHDL simulated

trigger transmission 50 < 2102 | calculated

Table 4: Delays of the different tasks before a L1-Triggeagisien is taken. Shown are the individual delays,

the cumulative time assuming a maximum drift time of 1100 md a reference for how the delay has been
evaluated*Note that the hardwired routing for the¢ mapping adds only a small signal transmission delay of
about 1 ns and does not add an additional clock cycle.

7.2 Timing after Level 1 Keep

The time constraints for the post-L1IKEEP processing aréingtlike as critical as those for the L1 Trigger
Element production. Optimisation of FTT L2 algorithms ahe increased speed of the LVDS channel fnk

have significantly reduced the L2 timing estimates. Recesults on the implementation of tasks in the L2
FTT have shown that the segment linking and track parametimisation can be finished after about s,

%It has been decided for L1 Trigger purposes to run the linloatMIHz instead of 50 MHz as originally planned
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well inside the L2 latency of about 28. Some of the remainingus will be used to implement simple particle
resonance searches such as elastic vector mesons at L2.vétpgeveral hundreds of ns will certainly be
available for preprocessing at L1.

Table 5 shows a list of the timing delays in the L2 preprocegsd be performed in the post-L1KEEP phase.
The first five tasks are implemented in the front FPGAs. Thebemquoted for these tasks are taken from the
present simulation results with pipelined algorithms awtbak of 80 MHz driving the CAM validation. Tasks
to be performed in the validation and refinement steps on délok BPGA cannot be simulated in full by the
Quartus software, since they involve external SRAM ciuithe Micron datasheet on ZBT SRAMSs [8] has
been used as the basis for the time estimates for these éa&sksning a pipelined SRAM access at 100 MHz
(133 MHz is the maximum speed). The 100 MHz frequency mattieslock speed used for the L1-L2 link.

Task Latency (ns) | Time first segment (ns)| Time last segment (ns)
Receive LIKEEP 80 80 80

Read Shift Register +

CAM match 24 104 104

Priority Encoding 24 <200 424

Buffer segments 24 <224 448

Look-Up hit combination 24 <248 472

retrieve refined andz 24 <272 660

Collect Segments 24 <296 684

FPGA-FPGA transmission 60 <356 744

Validation in SRAM 40 <396 1186
Write to FIFO 10 <406 1196

Table 5: Calculated timing delays for the tasks that aregoeréd in the post-LLKEEP phase. ‘Time first
segment’ defines the delay after which the first track segroamtbe sent out to the L2 system. ‘Time last
segment’ defines the time when the last segment is procefsedximum number of 80 track segments can
be sent out to the level 2 system from a single FEM within 1186 All time evaluations have been made
by using VHDL simulations with the exception of the final \dtion in the SRAM and the FPGA-FPGA
transmission.

As can be seen from the table, the delay after LIKEEP is at #@6tins before the first track segment can
be sent to the L2 system. The 80th segment would be sent &ivert 4.2:s*. That result fits well with the
L2 linker algorithm, which expects a maximum of 128 trackraegts from all FEM cards of the same trigger
layer (6 FEM cards for CJC1 and 12 for CJC2) within k3of the start of transmission. We conclude that
there will be no problems arising from time taken by the Lloaidhms after LIKEEP.

For completeness the current understanding of the L2 timsiggzen in table 6.

7.3 Required FPGA Resources

In contrast to the timing considerations, the biggest negoénts on FPGA resources arise from the post-
L1KEEP tasks. The biggest Altera chips available on the etaaske the APEX20K400, 600, 1000, and 1500
which integrate about 400k, 600k, 1M and 1.5M gates resgadgtiThese chips are pin compatible, such that fi-
nal decisions on which FPGAs to use can potentially be Idft e production phase of the FEM. For the FEM
design, we presently assume that we will use the APEX20K&{8,the possibility to use the APEX20K400
to save money if the algorithm can be fitted into it. The APEK800 has 24320 logic cells (registers) and

“Note that the final number of 1@ cannot directly be compared with table 3 in [3], since theeowof steps, specifically the
collection of track segments from 5 adjacent cells and tted fialidation, has been reversed in order to save SRAMSs.
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task chip frequency | steps max. time
L1 track segment finding L1 system ~ 0.5us
receive data / fill CAMs FPGA 100 MHz | <130 1.3us
linking of < 4 x 128 segments FPGA 100 MHz | <528 | (+2.6 interleaved) 2.4
fitting of < 2 x 24 tracks DSP 166 MHz | 1060 6.4 us
trigger decision DSP, FPGA| 166 MHz | ~ 500 3.0-9.0 us
total 13.8-19.8us

Table 6: Timing estimates for each individual L2 task. Ndt&tiinking and fitting are interleaved. The actual
trigger decision time depends on the number of invariansnsasbination to be calculated at level*Basic
trigger decision parameters like transverse momentunshiotds, topological criteria or the invariant mass of
two prong final states can be calculated withjins3 The L2 trigger capabilities can also be extended to catleul
invariant masses in multi-particle final states. In thaeda® full remaining 9:s would be used up.

154 Embedded System Blocks (ESBs) which are used to impleRwNls (2 kbit per ESB) or CAMs [3].

It is planned to clock most parts of the algorithm at 80 MHz,ickhmust be compared with the maximum
clock speed computed by the simulation for each step in tperishm. It has been found that the maximum
clock speed depends on the synthesizer software. For dlestin this note, results obtained using the Quartus
software have been taken. Some of the results have beenatresked using other software packages. No
optimisation procedures have been tested or applied sdPfatential for optimisation is given by so called
"back-annotating” the design and by changing routings @trégister level. In addition, regular improvements
in the development software (usually every 3-6 months) teduetter optimised design implementations. For
the current study, the Quartus version 2000.05 from Alt@faas been used. Animproved version is expected
to be released in October 2000.

7.3.1 Resources of the front FPGA

The Resource usage in the front FPGA on the FEM board is list&able 7. The number of logic cells and
ESBs used by each step in the algorithm is given as obtainedHi)L simulations. Those steps labelled
"proved by VHDL simulation” are in agreement with the exiins based on theoretical considerations.

About 65% of the logic cells of the 20K600 FPGA are used up kylth algorithm. Detailed studies have
shown that a degradation of the maximum speed occurs if nimame 70% of the FPGA resources are used.
Even before any optimisation procedure, the algorithm isébto fit comfortably onto the 20K600 FPGA.
Additional logic may be implemented for control purposes et the level of a few hundred logic cells. This
is expected to fit without a significant degradation of thefgrenance. Timing analyses of the current design
showed that the 80 MHz clock requirements are fulfilled wigagety margin of about 30%.

7.3.2 Resources of the back FPGA

The main tasks of the back FPGA are the collection of data fiterfive front FPGAs and the validation of
track segments using the look-up tables in the SRAM. Bectugskeack FPGA also serves as I/O controller, the
FPGA size is mainly determined by the number of required lit@ plt was decided to use an APEX20K400
with 488 user pins.
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Task Number logic cells | Number ESBs | reference

Q&t analysis < 3000* 0 | proved by VHDL simulation
Shift Register 1920 5 | proved by VHDL simulation
Pattern Extraction 200 0 | proved by VHDL simulation
CAM match 4800 64 | proved by VHDL simulation
k-¢ translation 688 0 | proved by VHDL simulation
Priority Encoding 4000 0 | proved by VHDL simulation
Buffer segments 400 4 | proved by VHDL simulation
Look-Up hit combination 0 16 | proved by VHDL simulation
Retrieve refined andz ~ 400 0 | estimated

Collect segments 100 2 | proved by VHDL simulation
Control and IF < 500 0 | estimated

total < 16008 91

Table 7: Resource usage of all tasks performed in the fro@A=6én the FEM board* The existing implemen-
tation of theQ)&t analysis is going to be tuned and reduced in size.

7.3.3 Resources of the L1-Linker Card FPGA

The L1-Linking algorithm is a modified version of the L2-limig algorithm and has been adapted from L2
without major changes for @&-¢ histogram of size 8 60 bins. Although the implemented algorithm uses for
first level trigger purposes a rather big sliding window wath3 bins to search for track segment matches,
the full algorithm fits into an APEX20K400 FPGA with about T#Dlogic cells. The implemented linking
algorithm uses 63% of the logic cells and no ESBs. The cuiraptementation of the algorithm can be
clocked slightly above the planned operation frequencyd6filHz. Optimisations are foreseen to increase the
maximum clock speed and improve the safety margin.

Now that the feasibility of the “L1 Trigger option” has beeandonstrated, further studies are required in order
to find the optimal linking algorithm. Refinement of the VHDade, taking into account any new findings, will
then take place. Because the current implementation ofi¢jogitnm fills only 63% of the 4th biggest FPGA
on the market it is clear that FPGA resources are not a drigsae here. The generation of Trigger Elements
from the linked tracks has not yet been considered in detdat task will add at most a few hundred logic
cells without affecting the resource demands significantly

8 Manpower and Financing

Table 8 shows a list of all active persons in the design andtcoction of the FTT. In two casesp namégN.N.)

is allocated to uncovered tasks, namely the implementafitre readout and of the calibration and monitoring.
The group is in the process of searching for two students wercthese tasks. With these exceptions, the
manpower situation at all system levels is sufficient.

The total cost of all levels of the FTT has been estimated 80 KDM, of which 1480 kDM are currently
approved. 200 kDM have been requested from the German BMBiRdéoyear 2001 and a decision is expected
next year. 50 kDM have been requested from a German-Polighfur supporting infrastructure (crates, PCs,
etc.). A decision is expected this year. Currently the FTWithin budget although being confronted with high
exchange rates for purchasing FPGA circuits in US$. ETHchimade a contract in August with the SCS
company for the construction of the L2 boards. The financihdp® design and prototyping is assured. The

5A 2% 2 sliding window in place of 2 3 would reduce the amount of logic by about 50%. This opti@uisently being investigated.
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Institute Person Engineer | Diploma | PHD | Postdoc| task
Birmingham| P.Newman X L1
Y.Fleming X L1
R.Staley X L1
Manchester | S.Kolya X L1
D.Mercer X L1
RAL D.Sankey X L1
A.Baird X L1
B.Claxton X L1
Zurich A.Schoning X FTT
D.Meer X L2
N.N (calibration) X FTT
SCS company 3 L2
Dortmund C.Wissing X L2
J.Naumann X L3
M.Kolander X L3
O.Behrendt X L3
DESY I.Cheviakov X L3
J.Spalek X L2/L3
N.N (readout) X FTT

Table 8: List of all people actively involved in the FTT proje Also shown is the distribution of tasks. N.N.
stands for two Phd students the project is currently lookimgSCS stands for the compaSupercomputing
Systemsn Zirich which is building the boards for the L2 system.

series production of boards, planned for summer 2001, ¢asoromence until the remaining 250 kDM has
been approved.

9 Summary

A basic design for the level 1 FTT is now in place. Most aspettbe algorithms have been fully simulated,
such that FPGA resource and timing requirements have beensely estimated. The small number of missing
pieces of information are expected to be available in the figare. All hardware components and their
interfaces have been specified. The option of sending trigfimation to the level 1 trigger has proved to be
viable, such that the present architecture incorporaisotition. The design and layout of electronic boards,
backplane and other aspects of the hardware is underwayarhilgl with this, work will continue on the
optimisation of algorithms.
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Figure 8: Drift time distribution of hits used by the FTT analidated by the track segment procedure. Data
from 1997 have been taken. The drift time is shown for theroubst wires of the four trigger layers.
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