Simulation and characterisation of the CMS tracker optical readout chain

G.Cervelli, C.Mommaert, V.Arbet-Engels, K.Gill, R.GrabitS&fanini, F.Vasey
CERN, CH 1211 Geneva 23, SWITZERLAND

Abstract -The CMS tracker readout will make use of analogue optical links. In order to simulate and characterise
their functionality within a complete readout chain, saftware program hadeen developed in &abVIEW
environment. It allows for interchangeability of software modules and real hardware componéhéd both full
software simulation and mixed hardware/software characterisatioth@fchain are possible. We present results
obtainedwith asingle channel readout chain prototypehierethe front-end signals are emulated and the rest of the
chain (from laser driver to digitising elements) are real hardware components.

1. Introduction emitting laser diodes. Athe back-end of thdink,
The CMS tracker readouthain will make use of InGaAs photodiodes detethe modulatedlight and
0ptica| links to transmit pre-processed ana|ogue convertthe informationback to electricalThe FED [5]
information from the front-end ChIpSAPVS) to the digitises the hits with alDC andstoresthe results in
front-end drivers (FEDs) [1].This chain can be @ local memoryuntil they are required by the data
partitioned into blocks (APV, opticdihk, FED), which acquisition and higher level triggering system.
are individually developedand evaluated by different To evaluate individual hardwardlocks in a
groups working in parallelThe APV chip [2], among realistic environment the emulation of the rest of the

other functions, serialises the data corresponding to 128 chain is required Moreover, the analysis ofsystem
detector channels on a single analogue output at a issues such as noise, parameter spread, crosstalk, and
20MS/srate. Datafrom two parallel APV chips are calibration strategies, requires the simulation of the
interleaved by a multiplexefMUX) on one optical whole chain. We have chosen a software oriented
channel, so that the resulting transmission rate is approach to match theseeds.Each element of the
40MS/s. The optical links [3] transfer analogue data to chain (optical link included) is either simulated or

a distant site, by directly modulating 1300redge- interfaced to software modules via A/Bnd D/A
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Figure 1: Block diagram of the system simulation, evaluation, and optimisation tools. In the present “system under test”
configuration, the optical link and FED hardware prototypes are operational (shadowed blocks), whereas the APV chip is only
simulated (non-shadowed block).



converters. Thanks to a uniform interface to the
simulatedblocks and to theinterfaces to reablocks,
both mixed software/hardwareand full software
simulations can beerformed in a LabVIEW-based
environment.  Evaluation  criteria and results
presentation are also uniform, so that direct comparison
of simulated and experimental results is straight
forward.

Typical applications range from  simple
characterisation of a hardware module (or group of
modules), to system levekimulation, algorithm
prototyping, and investigation of alternative concepts.
Hereby, wepresent the characterisation of the readout
chainprototype (fromthe opticallink to the FED) with
calibration or APV signals emulated with an Arbitrary
Waveform Generator (AWG) as D/A converter.

2. Software environment

The generalsynoptic diagram of the program is
represented in Fig. 1. Four majdilocks can be
identified: the stimulusblock, the system-under-test
block, the evaluatiorblock, and theoptimisationblock.
Each of them consists of a collection of modules, which
can be interchanged armbmbined according to the
particular application to beleveloped.The stimulus
block provides referencgignals to pass to the input of
the system-under-test blockThe system-under-test
block generates theystem responssorresponding to a
given stimulus, according to system characteristics. The
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Figure 2: Principle of the mixed hardware/software
simulation: the system building blocks are either purely
software blocks simulating the system performance (b), or
numerical interfaces to the real system block (a).

Static performance (gain, nonlinearity) is simulated by
a simple memoryless equatioglating the input to the
output. Dynamic performance (frequency selectivity,

evaluation block compares system responses to the time delay) is simulated by numerical filters of different

corresponding stimuli and calculates evaluation
parameters. The optimisatidiock gathers evaluation
parameters corresponding to repeated calls to the
evaluation block (for differentchannels, different
parameter settings, or different times)d generates
statistics, optimisation, or time evolution graphs.

2.1 System model

The systemunder test is in generalescribed as a
cascade of simpler unidirectional transmissiocks,
as shown in Fig. 1 (APV, opticihk, FED). Thebasic
building block, iseither an interface to the resjstem
prototype (hardwareblock) or a purelymathematical
representation of it (software block).

In an hardwardlock, D/A and A/D converters are
used, at the inpudnd output of theblock respectively
(seeFig. 2a), to converbackandforth betweendigital
and analogue, time-sampledand time-continuous
domains. In practice, either the intermanverters of
digital testing equipment or independent VME modules
are used as interfacegnd are read or writtexia a
communication bus.

In a software block,static, dynamicand noise
performance are simulated numericalbee Fig. 2b).

orderandtype. Complex filtersare built by cascading
simpler low-order filters. Noise performance is
simulated by additive sources inserted along the chain.
The model provides access tall parameters
affecting system specificatiorend operationalmodes
(‘bias’, in Fig. 2), such as gains and bandwidths/al
as working pointgndoffsets. It is therefore well suited
to perform Montecarlo simulatioand system oriented
analysis and optimisation.
In our present set-up, the hardware of the optical
link and of theFED are operational in thiaboratory,
whereas the APV+MUX chip is only simulated.

2.2 Evaluation tools

The evaluation block quantifies the system
performance in terms of statisnd dynamic behaviour,
as well as noise budget.

A full static characteristic is acquired by scanning
the systeminput and monitoring iteutput. Thesystem
gain isdefined asthe slope of a regressioline. The
definition of the regression methdoest applied to
realistic systemcalibration procedures ignder study.
The nonlinearity error is theabsolute difference
between the real outputand its regression. It is



therefore a function of the inplavel. The rmsnoise is
also evaluated as a function of the input level.

The dynamic performance of theystem is
evaluated by sending broad band signals atirtpat.
Deconvolution othe system response allows ¢atract
the ideal pulseand step responses, as well as the
transfer function. All the dynamic parameters of
interest can then bevaluated: response time (rise, fall,
settling), stability (overshoot, ringing), cut-off
frequency, time delay.

2.3 Optimisation tools

The use ofthe optimisationblock implies iterated
calls to the other blocks. The parameters controlling the
otherblocks (stimulus parametersystembias, type of
evaluation) can beadjusted between measurements.
The possible applicationsan be classified in four
groups: statistical analysis (Montecarlo simulation),
long term monitoring, parametric analysis, and
algorithm prototyping.

1. Montecarlo simulations aperformed by randomly
generating the parametefsr either the stimulus
block or the system block, according to the
application. The stimulublock can for instance
output quasi-random signals and simulate a realistic
detector in a beam-test environment, while the
system blockcan simulate the statistical interplay
between device tolerancaad theireffect on global
system parameters.

2. Thesystemcan be monitoredver long periods of
time. Environmental parameters (temperature, B-
field, radiationdose)can besweptand correlation
with system performancecan be studied [6].
Alternatively, in a stable environmerthe intrinsic
time stability of the system can be evaluated [7].

4. The program versatilitcan beexploited for the
investigation of new conceptsand for the
prototyping of new blocks, before time is invested in
their designand realisationPossible developments
include: laser threshold tracking, gain calibration,
channel equalisation, signal compression, etc.

3. Readout chain characterisation

The tools described irthe previous section have
been applied tthe characterization of a readout chain
including a real opticallink [4] and FED. The
simulation tools have been used both for mixed
hardware/software simulation (interface to the real
system)and purely softwaresimulation (APV+MUX
output sequence)lhe evaluatiortools have been used
for staticand dyamic evaluation of theystem. The
optimization tools have been used for skewingdbek
and optimize sampling sampling.

3.1 Experimental setup

The laboratory setup forthe full readoutchain
characterisation is depicted in figure Fig. 3. Data and
timing signals are generated by AWVG, providing 1
analogue and 2 digital outputs.

The opticallink is configured as described in [4],
but using a laserdiode with a lower efficiency
(0.06W/A). The laser threshold current is 10mA. The
link settings are suckhat an input rang&etween -
400mV and +400mV at théevel of the laser driver
corresponds to an output range between 0 and 3V at the
level ofthe photoreceiver (matched to the ADGput).

In this conditions, the lasatiode is biased between
13mA and 17mA,and generates a CW opticalower
between 18aW and 42QW. The opticalink output is
terminated with a 50 resistance in parallel to the
ADC output. An additional 50 series resistance is

3. By sweeping a restricted set of parameters (ex: laser mounted betweethe receiverand the termination to

bias, damping capacitance), thestem performance
can beanalysed as a function of those parameters,
and an optimum working point can be defined.

minimize reflections, ircase a coaxial cableas to be
driven to monitor the linkoutput with ascope.This
arrangement results in a 50% drop in output signal

Arbitrary Waveform Optical link Front End Driver (FED)
Generator (AWG)
X RX
ADC
Data e * * 4 - IFPGADPM >
P ) o VME
—>
GPIB Clock e e Clock
Frame Sync e e Trigger

Figure 3: Characterisation of the optical readout chain, from arbitrary waveform generator and optical link to front end driver.
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Figure 4: Data and timing signals generated by the AWG.
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Figure 5: Stimulus for the readout chain characterisation
(160 samples long, to match FED readout format).

level, but will not be present irthe final system
configuration.

The CMS prototypeFrond EndDriver board [5] is
housed in a 9U VME crate. It contaitise photodiode
receiverpart of theoptical link, along with al10-bit,
40MS/s ADC mounted on a FPGdaughter card. It
digitises the analogue data transmitted bylithie and
storesdata samples in a Dual Pdvtemory (DPM)
before VME readougFig. 3 on the right).

The software configuration [8] othe FED and
FPGA determines the data format expected by the FED,
as well as the digitisation rate of the ADC. In our setup,
the FPGA is operated irscope mode(no post-
processing) at 40MSand isconfigured to readout 160
samples per evernthis isbased on a single APV-chip
readout format [7], with 32 digital sampléslowed by
128 analogue samples. A typical APV event is shown
in Fig. 8. A simulated 1MIP signal isisible on
channel 40, superposed to the corresponding pedestal.

The output of théAWG is controlled by a software
generated trigger. Timing signalsldck and trigger)
needed to operate the FED are provided in synchronism
with the data. FED ata samplingoccurs atthe rising
edge ofthe clock and isstrobed bythe FrameSync
signal (Fig. 4).

A PowerMac 7600/12@unningLabVIEW software
controls both the AWG, via &PIB bus,and the VME
crate, housing the FED, via a PCI-MXI-VME interface.

Data sampling occurs at 40MS/s (FED), but
stimulus signal generatioAWG) occurs at aigher
frequency to allow forshaping of thewaveform
reconstructed by theAPV+MUX emulator. Twenty
points areused at a frequency of 800 Miger point, to
reconstruct a 25ns pulse duration, matching the
40MS/s digitisation rate of the FED ADC. Both APV
and calibration signals are 160 samples landg match
the FED expected data format.

Since the ADC sampling point is determined by the
rising edge ofthe clock and samplingshould occur
after settling of thesystem, flexibility to shificlock and
data withrespect to each other is required to optimise
digitisation accuracy (optimisation tools).

3.2 Static and dynamic evaluation
The staticand dyramic evaluation tools, described
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Figure 6: Static evaluation of the readout chain. The input
(output) swing is the difference between the variable level
and the reference level.
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Figure 7: Dynamic evaluation of the readout chain. The time

response to an ideal input pulse is reconstructed by
interleaved sampling



in section 2, are used for the readout chain
characterization. In both cases, the stimuluthés160
samples long sequence shown in FigThe reference
andvariable levelsrggion (a) and (c) ifrig. 5), whose

duration is >> 25ns, are used for evaluation of the static

transfer functiorand ofthe noise. The reference level is
kept constant at -400mV, while the varialidwel is
swept between -400mV an#400mV. The constant
reference level athe input of thesystem allows for
common mode subtraction #@s output. Theoutput
‘swing’ (variable level - reference level) is plotted as a
function of the input swing, in Fig. 6. Theystemgain

is ~520 counts/V. The logaritmgcale is convenient to
compare the signal swirlgvel toits errorcomponents
(noise and nonlinearity), and tgive an immediate
visual indication of the dynamitange of thesystem.
From the graph in Fig. 6 it is apparent that the
magnitude of the error components is limited to ~1
count (rmsfor the noise)all overthe input range. The
measured peaBNR is~300:1, in agreement with the
performance of the stand alone optiliak prototype
described in [4].
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Figure 8: APV emulation.
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Figure 9: Correlation between the original APV6 digital
output and the FED sampled signals.

The 25ns long alternatingulses (region (b) in Fig.
5) are used to investigatethe dynamic system
performance. Since the sampling rate of the FED is
limited to 40MHz, interleaved sampling is needed to
analyse time responses with nanosecond resolution.
The same stimulus isepeatedlysent, through the
chain,while theclock is being progressiveskewed in
steps of 1.25n4AWG time resolution, at 800 MHz
internalclock frequency). Irthis way, the shape of the
waveformcan be reconstructed with @amproved time
resolution. Figure 7 shows a typical reconstructed pulse
response.

In a time sampledsystem, the most crucial
parameter is the settling time, since ffingsthe trade-
off between speednd stability (someringing or an
over-damped respongm@n beallowed as long as the
settling time is smallethan thesampling time). The
rise time is about 16-17ns, with avershoot of 5%,
corresponding to a bandwidth of 90MH#Ath order
system approximation), whichwould be perfectly
acceptable for our application.

3.3 APV6 event readout

Emulation of the APV+MUX chip requirepulse
shaping of the signabefore injection in theoptical
link. As a starting point, dile containing digitized
MIP events generated byr@al APV6 chip is used. The
signal is thenrfiltered throughtwo optimally damped
100MHz secondorder filters, to simulate APV and
MUX dynamic performance (5ns risetime, typ.). An
example of pulse shaping shown in Fig. 8, for a
qualitatively optimized shift value afataversus clock
signal. The emulatedAPV6 event is transmitted
through the opticdink anddigitized by the FED. The
correlation with the initialpulse amplitude(before
shaping) is shown in Fig. 9for the analogue
information part of the signal. The 128 points are
aligned on a gridhecause dhe finite resolution of the
input andoutput converters. The f&lope is coherent
with the measuredystemgain (section 3.2) of ~520
counts/V.

4. Conclusions

A software tool has been developed for system
oriented mixed hardware/software  simulation,
evaluation, and optimisation. Thetool is primarily
targeted to aid in thdevelopment othe CMS tracker
readout chairand to thedefinition of the opticalink
specifications. It is a versatiland expandabletool
which can beused for many applicatiomsingingfrom
simple prototype characterisation tosystem level
simulation, statisticahnd parametri@analysis, asvell
as algorithm prototyping.



The optical link and FED hardwarehas been
installed in our laboratory. Th&PV front-endchip is
simulated in software,and its typical output is
regenerated by an AWGThe performance of the
emulated readout chain h&®en evaluatednd the
results are coherent with the measurements of a stand-
alone opticallink and with theaccuracy ofthe FED
ADC.

A detailed analysis still needs to be carried out, to
establish practical calibratioand sampling criteria.
Further developments include implementation of a
stand-alone masteclock and trigger generator for
simulation of fast (and random) triggers.
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