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Abstract
The tracking subsystem of the CLEO-III Trigger consists

of separate axial and stereo tracking pattern-matching
modules, whose products are time-aligned and spatially
correlated to provide pipelined trigger information every 42 ns
with a latency of approximately 2 µs.  This paper describes the
pipelined signal processing and pattern recognition schemes
used by the axial and stereo electronics to provide the
information necessary to make trigger decisions. Extensive use
of in-system field programmable gate arrays support path
finding and timing information extraction.

I.  INTRODUCTION

The CLEO-II experiment began accumulating data at the
Cornell Electron Storage Ring (CESR) in 1989. Serving as a
world-class facility for the study of heavy quark physics, both
CLEO and CESR have undergone substantial upgrades in
recent years resulting in improved performance. This paper
(the second of three [1,2]) addresses the tracking aspects of the
trigger for the most recently completed CLEO detector
upgrade, CLEO-III.

A detailed discussion of the design parameters for the
trigger and data-acquisition systems appears in the CLEO-III
Detector Proposal [3], and again in the 1994 CLEO-III
Detector Status Report [4]. Previous descriptions of the trigger
system, written before the design was finalized, appear in the
references [5,6,7].  We present a brief overview of the entire
CLEO-III trigger, followed by more detailed descriptions of
the axial and stereo tracking components of the trigger, as well
as timing extraction from these trigger elements.

II.  SYSTEM OVERVIEW

A schematic view of the CLEO-III trigger system is shown
in Figure 1. Data from the calorimeter and drift chamber are
received and processed in separate VME crates by the
appropriate circuit boards to yield basic trigger primitives such
as the track count and topology in the drift chamber, as well as
the shower count and topology in the electromagnetic
calorimeter. The information from both systems is correlated
by global trigger circuitry which generates an L1Pass strobe
every time a valid trigger condition is satisfied. The L1Pass
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 signals are conditionally passed by the data flow control
circuitry to the gating and calibration modules for distribution
to the data acquisition system. In addition, luminosity
information is obtained from the digital calorimetry subsystem
and provided to the CESR accelerator via the global trigger.
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Figure 1: Overview of the CLEO-III Trigger Hardware. Not shown is
the conventional VME CPU which directs the QVME interfaces.

Details on the analog and digital calorimetry trigger can be
found in the first companion paper [1],  and details of the
decision and gating can be found in the third companion paper
[2], located elsewhere in these proceedings.



III.  TRACKING

The tracking component of the CLEO-III trigger consists
of two distinct elements: axial and stereo.  Each of these
elements is implemented as a collection of 9Ux400mm VME
modules in their own crates.  As with most of the other CLEO
data acquisition subsystems, configuration and supervision is
provided by a commercial MVME2304 PowerPC module,
which plays the dual role of crate controller and data mover.
Also, for clock and L1Accept distribution, as well as busy
signaling, a trigger interface module (TIM) is present.  These
modules are not specific to the trigger system, and as such are
not documented here.

A.  Axial Tracking
The limited wire-count in the axial portion of the CLEO-III

drift chamber makes it possible to build a tracker that
examines the complete set of 1696 wires, grouped into 16
radial layers, for all possible valid patterns caused by tracks
having momentum transverse to the beam greater than 200
MeV/c.  Patterns from tracks missing the central axis of the
beam pipe by as much as 5 mm were included.

A fixed width discriminator is applied to the amplified
signal out of each of drift chamber wire and the result is sent
using low voltage differential (LVDS) signals to the axial
tracking trigger.  The maximum drift time for the first hit on
each layer from a single track is less than 400 ns.  The
discriminator width is set to 700 ns insuring overlap of all of
the hits from a single track, and maintaining the tracking
signals for extra time in order to simplify the time alignment of
the tracking trigger information with the later arriving
calorimeter trigger information.

The trigger bins the data into 42 ns wide time slices,
which is three times the crossing time of the accelerator.
Significantly faster processing steps are difficult to achieve in
large field programmable gate arrays (FPGAs) which are used
to perform the pattern lookup.  This discritization is sufficient
for the time resolution required by the trigger, namely to
determine the time of the interaction, with a fixed offset, to
within 100 ns.  Pattern recognition is performed for the entire
axial portion of the drift chamber every 42 ns.

The ninth layer of the drift chamber is used to “key”
the pattern definitions.  Figure 2 shows a simulated 200 MeV/c
track in the axial portion of  the drift chamber.  Each key wire
(layer nine wire) with a valid track pattern through in any 42
ns time slice causes the axial tracking board (AXTR) to set the
track found bit for that key wire.  Up to two hits are allowed to
be missing from each of the inner and outer set of eight wires
forming a valid track pattern.  Allowing missing hits maintains
high track finding efficiency for reasonable wire efficiencies
(greater than or equal to 90%).  However, this results in 1 to 3
track found bits being asserted for each charged particle
passing through the drift chamber.  The axial processor
(AXPR) described below filters the list of asserted track found
bits down to single bits for each particle and also determines
the event time.

Outer Pattern

Inner Pattern

200 MeV track

Figure 2: Hits from a simulated a 200 MeV/c track shown in the
plane transverse to the beam line.  Small dots are wires, larger dots
are hits on wires (including simulated random noise). The open
circles show which wires are part of one of the found track patterns.

The pattern lookup for each key wire is performed by
a pair of Xilinx 5202 FPGAs, one each for the inner and outer
half patterns. The two half patterns are correlated in an Altera
7064 FPGA, which also allows diagnostic readback and the
insertion of test signals into the output path.  The circuitry for
seven adjacent key wires is contained on one AXTR board.
There are 112 key wires total, so the entire axial tracking
system consists of 16 VME boards and their associated
transition modules (AXX), which contain the connectors for
the incoming cables, the LVDS receivers, and latches to
synchronize the incoming data to the 42 ns clock.

To insure no inefficiencies at board boundaries,
signals from some wires must be shared between neighboring
AXTRs.  This is done on a custom J5/J6 backplane.  The
outputs from each AXTR are sent differentially to the axial
processor (AXPR) for clustering, track counting and time
finding.

The axial processor takes the 112 key wire tracking
bits from the AXTR boards and processes these every 42 ns to
produce a 7 bit track count, an 48 bit array which represents
the azimuthal event topology, and a 2 bit timestamp.  A block
diagram of the AXPR is shown in Figure 3.
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Figure 3.  AXPR Logic Diagram



The block labeled “112 to 48” has two functions.  First, it
performs a clustering algorithm on the input bits such that (for
example) a pair of set adjacent inputs set a single topology bit.
Next, the 112 bits are merged to produce 48 bits topological
information that are sent, after pipelining, to the TRCR boards.
The input tracking bits are also processed by a circuitry that
counts how many of the 112 bits are asserted.  This calculation
is pipelined, taking three “ticks” to complete, producing a
valid 7 bit answer for every tick. This tick-by-tick track count
information is also used to extract the event time. The
algorithm to do this is discussed in Section IV.

The outputs of the AXPR board are passed though
pipelines before they are presented to the P5P6 backplane in
the Level 1 decision subrack. These simply act as adjustable
length digital delays, and are used to time-align the various
tracking trigger results with each-other, and also to align the
tracking results with the high latency  calorimeter information.

The clustering, merging and counting logic is implemented
in a set of Altera “MAX” 7000 series ISP-FPGAs.

B.  Stereo Tracking
The stereo section (layers 17-47) of the CLEO-III drift

chamber differs from the axial section in that the stereo wires
are offset with respect to parallel of the beam pipe; the axial
wires are almost exactly parallel. It is broken up into 8 super
layers. The first 7 super layers have 4 layers each; the last has
only 3. The odd super layers are called the U super layers and
have a positive phi tilt with respect to Z; the even ones are V
super layers and have a negative tilt.

 There are too many (8100) wires in the stereo section of
the drift chamber  for the stereo tracker to examine every wire
individually.  Instead, the stereo tracker receives 1 bit for
every 4 by 4 blocks of wires (for super layer 8 it uses 4 wide
by 3 layers tall).  These bits are formed by Altera FPGAs in
the drift chamber crates. As in the axial section, the FPGAs get
a signal from a discriminator of width 700 ns.

The stereo tracker uses these bits to make its decisions.
The U and V super layers are tracked separately since they tilt
in opposite directions.  The stereo trigger has therefore 2
independent components, although both are in the same crate,
each looking at block patterns in their 4 super layers.

The stereo block definitions (which pattern of 4 wires turn
on a block) and the stereo road definitions (which groups of U
or V blocks is considered a valid track) were generated from
simulated tracks  having momentum transverse to the beam
greater than 250 MeV/c.  In order to satisfy a block pattern, a
hit must be present on at least 3 out of 4 layers. This missing
hit allows high track finding efficiency for realistic wire
efficiencies.  Stereo roads, however, do not allow for missing
blocks.

 The output of the stereo tracker is 2 projections.  The first
points inward towards which layer 9 wires the track could have
passed through, breaking up the layer 9 wires into 48 sections,
as well as if the track is caused by a low momentum positive
particle, low momentum negative particle or high momentum
particle.  The definition of high and low is programmed in the
FPGAs and can be changed easily in situ through the board’s

VME interface.  The second points to where the track is
projected to have hit the crystal calorimeter with a resolution
of 24 sections.  Due to the tilt of the stereo section of the drift
chamber, a single stereo road will in general activate several
layer 9 sectors and possibly multiple calorimeter sectors.

One stereo tracking (STTR) board is responsible for both
the inputs and outputs for one-sixth of the drift chamber for U
or V (12 boards total).  Each STTR board uses 5 Altera 8820
FPGA to perform the pattern lookup for the stereo roads.  To
prevent inefficiencies at board boundaries, both inputs
(blocks) and outputs (layer 9 and CC projections) must be
shared between neighboring STTRs.  This is also done on a
custom J5/J6 backplane.  Each board uses 5 Altera 7128
FPGAs and 1 Altera 7192 FPGA to route incoming, outgoing
and shared signals.  Because of the flexibility of the FPGAs,
we only needed 1 board design even though there are 4 distinct
board types (2 for U and 2 for V).  As with the axial tracker,
pattern recognition is performed for the entire stereo portion
every 42 ns.  The outputs from each STTR are sent via LVDS
to the tracking correlator for further processing.

The stereo tracking trigger provides high efficiency per
track, and good background rejection. An important lesson
from CLEO-II has been that modeling backgrounds can be
very difficult. The stereo tracking trigger is sensitive to
backgrounds than the inner axial tracking trigger, and will be
crucial in providing a high overall rejection factor.

C.  Tracking Correlation
The results from the 16 axial tracking boards are combined

with the product of the stereo trigger in the tracking correlator
(TRCR).  The TRCR function is implemented on two
9Ux400mm VME circuit boards, each handling half of the
input information.  A block diagram of the TRCR system is
shown in Figure 4.
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Figure 4: TRCR Logic Diagram



The STTR receives azimuthal projection information from
both U and V stereo super layers.  This information consists of
48 “positive” bits, 48 “negative” bits and 24 “CC” bits for
each of  U and V.

As discussed in the previous section, the positive and
negative bits carry information about the charge of the particle
that made the track and about the perpendicular momentum
component of this particle.  If a track is classified as only
positive or negative, it will be labeled as a low momentum
track.  If the STTR board could not determine the momentum
unambiguously, then the track is labeled as a high momentum
track.

Since the TRCR system also receives 48 projection bits
from the AXPR, it can perform a bin by bin correlation test
between the axial and stereo tracking information.  In the
present mode of operation there are two intermediate sets of
48 correlation bits, one each for low and high momentum
tracks, and the definition for each one is simply:

LO_CORRi = AXIALi & (LO_STTR_Ui # LO_STTR_Vi)

HI_CORRi = AXIALi & (HI_STTR_Ui # HI_STTR_Vi)

These LO and HI output topology bits are counted to
produce a LO track count and a HI track count, both of which
are pipelined and placed on the P5P6 backplane in the Level 1
decision subrack.

The LO and HI bits are OR’ed bin by bin to produce an
array of 48 correlated topology bits.  These bits, along with the
24 “CC” bits, can be combined as desired to producer a set of
48 final correlated topology bits, which are pipelined and also
placed on the P5P6 backplane.  As of October 2000 the final
topology bits are 24 inward track projection bits (simply
ORing adjacent topology bits) and the 24 “CC” bits.

An added benefit of the tracking correlation may turn out
to be its availability to the Level 3 processors. It has been
proposed that the Level 3 trigger, which is performed on the
fully assembled event, need not perform conventional track
finding on the drift chamber data, as long as position
information is available from the axial region and curvature
information is available from stereo. These two pieces of
information, as connected by the tracking correlator, may be
sufficient for directing track-finding searches in the silicon
vertex detector. This could save significant amount of Level 3
processing time. Work is in progress on evaluating this
possibility.

IV.  TIMING EXTRACTION

Considerable effort has been expended to understand the
details of the timing behavior of the axial tracking hardware.
Simulations, using CLEO-II data to generate CLEO-III tracks,
indicates that for most tracks at least one wire-hit in the track
will have a drift time that is short enough to be usable in
determining the event time. Individual wire-hit signals are
discriminated to produce fixed-width output pulses. Figure 5
shows the timing distribution produced by monitoring the
track-matching FPGA, and determining when tracks become
invalid. This corresponds to the removal of the first hit, which

due to the fixed pulse-width discrimination is also indicative of
the first arrival time. The RMS of the shown distribution is
about 12 ns.

Figure 5: Time of trigger “invalid” from axial tracking.

The implementation of this algorithm in the trigger hardware
(specifically, on the AXPR board) involves monitoring the
tick-by-tick track count as an event evolves though the
detector.  A finite state machine, implemented in an Altera
“MAX’ 7000 series ISP-FPGA device, examines the 7 bit
track count (calculated on the same board) and senses when
this quantity starts to drop off after reaching a maximum, as
indicated in Figure 6.  This point in time will, in most cases, be
exactly one discriminator width later than the arrival time of
the first hit on a track, which, as seen in Figure 5, is a good
measure of the event time.

#tracks

ev-time (42ns ticks) t
iFigure 6: Time evolution of the axial track count for a typical

hadronic event.  The vertical arrow indicated when the timing
extraction hardware fired.

This time extraction method works extremely well.
Figure 7 is a plot of timing bucket (each one 42 ns wide) on
the horizontal axis versus number of events on the vertical
axis, for all events in an early CLEO-III era run.  The timing
bucket assigned to each event is extracted from the trigger
based on the hardware described above.  It repeats after 61
buckets since this is the number of unique 42 ns time
increments that correspond to a complete revolution of a beam
particle in the Cornell Electron Storage Ring (CESR), which is
providing the e+e− collisions recorded by the CLEO-III
experiment. The eight peaks correspond to the structure of the
beam particles within CESR.  A careful analysis of these
peaks, taking into account the known underlying CESR beam
structure, indicates that the resolution we achieve is in fact
slightly better than we had expected based on simulation.



Figure 7: The beam structure of the Cornell Electron Storage Ring as
recoded by the CLEO-III trigger timing extraction hardware.

V.  PROJECT STATUS

The axial tracking trigger was built, then installed in
CLEO-III during 1999; the stereo trigger was installed during
2000. As of October, 2000 both triggers are in active use.

V.  SUMMARY

The tracking elements of the CLEO-III trigger have been
presented. We have described the axial and stereo logic used
to draw conclusions about the pattern of charged particle
tracks in the CLEO-III drift chamber.
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