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Abstract

Analogue optical links are being developed for the CMS Tracker. The large number of optical channels (over
50,000) requires semi-automated test procedures and efficient evaluation criteria to compare different link
solutions and to optimise their performance, whilst complying with system specifications. In addition, self-
triggered calibration schemes need to be developed to maintain the readout chain accuracy during the detector
lifetime (10 years).

In this paper we present a method for the static characterisation of the CMS analogue optical links, relying on
an automated set-up for gain, rms-noise and linearity measurements, and on a software program for off-line
processing of the test data. We propose a set of evaluation criteria and describe a compact representation of the
results in the operational parameter space (dc working point, operating range). This representation allows
guantification and comparison of the performance of links based on different components, as well as allowing
development and simulation of practical testing and calibration procedures.



1. Introduction

A 50,000 fibre, 100 m long, optical link is being developed to read out analogue data from tHe 12-10
microstrip detector channels of the CMS tracker [1]. Data will be time multiplexed at a 256:1 ratio and
transmitted at a rate of 40 MSamples/s (MS/s) [2]. The optical system architecture (shown in Fig. 1) will make
use of directly modulated In@aP edgeemitting lasers) = 1310 nm), InGaAs pin-photodiodes, single mode
fibres, and connectors [3, 4].
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Figure 1: Schematic of the optical link prototype, with the laser transmitter (left) and the pin-diode
photoreceiver (right).

When operating the optical link, a certain number of free parameters (such as the dc working point of the laser
and the width of the operating range) need to be chosen and adjusted by the user in order to optimise the
performance of the read-out system. This choice requires the capability to quantitatively assess the link
performance as function of the operating parameters.

In this paper we present a method for the static performance evaluation of the optical link and we describe a
partially automated set-up for its characterisation. We define two static evaluation criteria: deviation from
linearity and signal to noise ratio. Based on a single measurement of the link characteristic functions, its
operation is simulated off-line for variable working points and its static performance is evaluated in a multi-
dimensional parameter space. Given this compact representation of the results, the operating range of the link
can then be mapped onto a region where a good compromise between linearity deviation and signal to noise
ratio exists.

Once an operating point and a working range have been identified, the system must be calibrated on-line and
the calibration parameters must be extracted and passed on to the signal processing electronics. The definition
of an appropriate static evaluation method allows development, simulation and comparison of practical testing
and calibration procedures. It is a major step towards the implementation of an optimised analogue optical link
for the CMS Tracker.

In Section 2, we introduce the basic concepts of system operation, necessary to understand the sources of error
in the analogue data transmission across the system. We then describe, in Section 3, the automated set-up for
static performance characterisation. Section 4 defines the two static evaluation criteria (deviation from
linearity and signal to noise ratio) and presents the compact representation of the performance in the parameter
space. The off-line evaluation procedure is described in Section 5 and demonstrated with real data. A short
discussion on practical re-calibration schemes follows in Section 6.

2. System operation and calibration
The analogue link response (output as a function of input) can be written in the form [6]:
Y = f(X)+n(X,t) (1)

whereX is the input signal(X) is a deterministic function describing the average static characteristic response
of the system (static transfer function), ai,t) is a centred noise whose stochastic properties may depend on
X (noise function).
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Figure 2: Idealised laser link characteristic functions: (a) output voltage and (b) rms-noise as a function of the
input voltage. These synthesised functions are used to demonstrate the concepts and methods used for static
evaluation.



As an example, Fig. 2 shows synthesised functions representative of laser link behaviour (the use of idealised
functions is convenient to introduce operation and evaluation concepts; in Section 4, the same concepts will be
demonstrated on real data). Fig. 2a shows a static transfer fuf{&jomhe inputX is the drive voltage of the

laser driver, and the outpuf is the voltage at the output of the photoreceiver. The output voltage is
proportional to the light collected by the photoreceiver. The abrupt nonlineaKtyOateflects the presence of

a laser threshold. Below threshokkQ), there is no coupling between the input and the output, and the noise
seen is the photoreceiver noise. Above threshold a laser optical power is generated and is coupled into the
fibre. The slope of the static transfer function in this region is proportional to the laser slope efficiency. To
analyse the effect of a smooth nonlinearity, the link function is made nonlinear in the Xegi®®0 mV. This

is a typical compression function, which can be observed in the laser itself or can be due to saturation effects
in the amplifiers. Fig. 2b shows the root-mean-square (rms) of a noise fun@Xity) or rms-noise function.

While the only noise contribution below thresha¥&Q) is due to the receiver, the transmitter noise dominates
above threshold. It has a peak close to threshold, goes through a minimum, and then increases again as a
function of the emitted optical power.

In an ideal link, the respong$€X) would be a linear function of the inpXtand the noise componenX,t)
should be negligible with respect fX), so thatYy ~ f(X), and the value oX could be determined precisely
from the measurement ¥f However, in practice, these conditions are satisfied within a certain approximation
and for a given range of input values. The linear estimatigrof X, based only on the measurementypf
relies on the approximation with a regression line of the static transfer function:

Y = f(X,)+GHX - X,) )
whereX is the working point, an is the slope of the regression line aroxidWe defineX, andG as the
optical link calibration parameters. The equation used to infer the input Xidrmah the outpuly is:

Y - (Xo) (3)

Xy =00y X = X
est G 0

Clearly, the static performance (accuracyXq) of a given system depends on the choice of the calibration
parametersX, andG, and on the absolute valueXfvithin the operating range.

The working pointX, defines the analogue link baseline during operation, and the information to be
transmitted is coded as the input swi, (Pulse Amplitude Modulation). Ideall¥, has to be chosen so that

the input range fits into a portion of the characteristic showing good linearity and high signal to noise ratio
(SNR).

For a givenX, the portion of the characteristic corresponding to the input range can be fitted with a straight
line, and the paramet& can be calculated. As an example, the simplest way to défiiseby drawing a
regression line between two points on the static characteristic, as shown in Fig. 2. The first point is the
working point &, f(X,)), and the second is the calibration poMf+dX, f(X +4X)), generated by applying a
calibration pulsetX (positive or negative) at the system input. Thus the regressionGlispgiven by:

f(Xo -AX)-f(X,) (4)
AX

The calibration pulse is a reference input, injected into the link, whose ampliudeust be known with
good precision.

G=

This fitting procedure for the determination of the param@texr well adapted to our application. It is easy to
implement in a practical system, and appears to give good results from the point of view of the static
performance characterisation (as shown in Sections 4 and 5).

3. Experimental Set-up and measurements

The purpose of the characterisation of the system is to evaluate its static transfer fi{Xgtiand the
stochastic properties of its noise functiofXt), as a function of the input voltagé To do so, repeated
measurements of (output) must be taken for a stabdd€input). For each leveX, the statistic of the output is
evaluated, giving as a result the static transfer funé{¥)n(systematic component) and the rms-noise function
(standard deviation).
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Figure 3: Automated set-up used for the static measurements. The Arbitrary Waveform Generator (AWG)
provides programmable dc input levels to stimulate the system. The ADC and oscilloscope sample the system
output at discrete times triggered by the AWG. The three instruments are controlled by a central processor

running LabVIEW software.
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Figure 4: Input grid and synchronisation data as generated by the Arbitrary Waveform Generator (AWG).
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The set-up described in this section, schematically shown in Fig. 3, is quite general and can be used to
characterise any system with voltage inputs and outputs. The arbitrary waveform generator (AWG) generates
input dc levels and synchronisation signals; one or more instruments monitor the system output; the controller
communicates and exchanges data with the instruments on a parallel bus. The input levels are generated in
steps covering the input range of interest with the programmed resolution (Fig. 4). Eachikeheld for a

time DT allowing repeated acquisitions of the outputas triggered by the generator (trigger 1). All the
measurements are controlled by a central processor running LabVIEW software.

The basic requirements for the instrumentation are as follows. (a) A high measurement resolution is needed for
the evaluation of(X), and subsequent evaluation of linearity to better than a few 1/1000 (>10bits). (b) A high
measurement bandwidth (>200MHz) is needed to give an accurate estimation of the system noise. (c) The
input must be stable not to introduce significant noise on the output. (d) The full acquisition must take less
than a few seconds (to minimise time instabilities in the system).

A good compromise is obtained by using two separate instruments to monitor the output. A 12 bits low
analogue bandwidth ADC board is used as a stand-alone VME module to sample the DC-coupled output and
give good estimations dfX), after averaging over repeated acquisitions (requirement a). The rms-voltmeter
function of a 300 MHz digital scope is used to measure the AC-coupled noise power, averaged over 5000
points (requirement b). A full acquisition f{iX) for ~100 points takes less than a second (requirement d).

Figure 5 shows the static transfer function and the rms-noise function of a laser link prototype [7]. The linear
region of the static transfer function is limited by the laser threshold (bottom) and by the receiving amplifier
saturation at 3.5V (top). The devices gains are still being optimised, and the overall gain might not be
representative of the final system values.

4. Evaluation criteria

Given the system representation of eq. 1 and the definitiof dieq. 3), the estimation errors have both a
systematic component, due to the nonlinear transfer funig¥®nand a stochastic component, due to the noise
functionn(Xt).

The estimation errors are therefore stochastic functions, and the evaluation criteria described in this section
quantify their properties (mean and rms-value) as a function of the calibration paraeteysgased on the
evaluation results, optimisation procedures then guide the choice of the calibration parameters, so as to yield
an acceptable error over the operating range (as described in the following Section).

The absolute and relative estimation errors are:

£.(X,1)

n
X

est_X (5)
ea(X,1)
X =X,

er(X,t)E

4.1 Linearity Error

The deviation from linearity (or linearity error) is defined as the mean of the estimation error. This is given in
absolute and relative terms by the following equations:

EaI(X)EYest—X :M'FXO—X

£, (X)= ;al_(i()) _f(x)- ggg():isﬂ)wxo) 6)

The linearity error depends on the choice of the working pgirand of the calibration pulse amplitud
(throughG). As an example, Fig. 6 shows the relative linearity error corresponding to the transfer function of
Fig. 2a and to different choices ¥f (for 4AX = 200 mV). By definition, the absolute linearity error is null at

the two calibration pointX, and X +4X. The normalisation bX-X leads to an undefined relative linearity
error inX,. A good choice of the calibration points leads to a rather flat relative linearity error atgutx|

where the link should be operated. The operating input range can be, for instance, the ¥jexysi-K1X],

where the value df (k>1) is dictated by a trade-off between linearity and dynamic range.
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Figure 5: Transfer and noise characteristics of a real optical link prototype (NEC laser, pin-photodiode, and
FC/PC connector).



In Fig. 7, the relative linearity error is represented in grey levels as a function of the inpuXsaghbf the
working pointX, (for AX = 200mV). The projections & = 100, 250, 350, and 400 mV, shown in Fig. 6, are
also indicated as a reference in Fig. 7.
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Figure 6: Relative linearity error as a functionXffor parameterised values Xf (4X = 200 mV). The system
is the one modelled by the functions represented in Fig. 2. Arrows indicate the twoXpaimd3 +4X.

4.2 Signal to Noise Ratio

The standard deviation of the estimation error is the rms-noise function itself. This needs to be compared to the
signal, in order to give an evaluation of the dynamic range of the system. We therefore introduce the signal-to-
noise ratio (SNR) as:

f(X)-f(x (7)
PN LICORICH
n?(X,t)
The SNR depends on the working poXjt Figure 8 shows the SNR corresponding to the transfer and rms-
noise functions of Fig. 2 and to different choiceXpfBy definition (eq. 7), the SNR is null fo&=X,. AsX-X,
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increases, the SNR increases accordingly. If the rms-noise were constant, the SNR would increase linearly
with X-X_. The observed saturation is due to the noise increase and compression of the transfer function.

In the region wher&<0 (under threshold}(X) is constant. Thus the differendéX) - f(X )| is also constant,

for a givenX,, and the SNR saturates to a constant value. This value is eventually better than the one obtained
above thresholdXz0), since a lower noise has been assumed<0r(see Fig. 2). However, this region of the
operating range cannot be exploited for analogue transmission, because of the bad linearity figure (see Fig. 7).

In Fig. 9 a contour plot of the SNR is represented as a function of the inputXsigndlof the working point
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Figure 7: Pseudo-colour representation of the relative linearity error ixXhe) space X = 200 mV). The
system is the one modelled by the functions represented in Fig. 2.

4.3 Compact Representation of the Static Performance

As can be seen by comparing Fig. 7 and 9, linearity error and SNR measurements can thus be superimposed on
a same plot (such as the one in Fig. 10) containing all the necessary information about the static performance
of the system. In particular, the plot allows determination of the error components as a funititor ahy

X,, and in particular over the input rangé, [X +k-4X] (in Fig. 10, as a reference, we highlighted the lines at

=X, X, +4X, andX +4-4X).

The relative deviation from linearity and the signal to noise ratio are the two criteria used to evaluate the static
performance of the analogue optical link.

The total estimation error arising from both non-linearity and noise is:

ga(X,t)E Kest— X =Ea|(X)—@
®)
& (X,t)s i?(—xx? =g, (X)— 5 n)((X_,t))(0
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where the linearity errors, (X) ande, (X) have been defined in eq. 6.
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Figure 9: Contour plots representation of the signal-to-noise ratio iiXXth€) (space. The system is the one
modelled by the functions represented in Fig. 2.
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Figure 10: Compact representation of the static performance (linearity error and SNR) of the idealised system.
The linearity error is represented with pseudo-colours, the SNR with contour plots. The system is the one
modelled by the functions represented in Fig. 2.

In order to compare directly the magnitude of the linearity errors (systematic), the noise errors (stochastic),
and the total errors (stochastic), the three are treated as if they were stochastic components, i.e. by considering
their rms values.

The rms-value of the total estimation errors is the sum in quadrature of their mean (linearity errors) and
standard deviation (rms-noise errors), which can be expressed in terms of the SNR as follows:

e (X el =530 300 B el ca o e
R e T BT At o s TN B ®

where the approximated forms are valid only,if(x) << 1.

Fig. 11 shows all the error components (absolute and relative) as a function of input signal: rms-noise errors
are represented as dotted lines, linearity errors as dashed lines, and total rms-errors as solid lines. The
appropriate balance between noise and linearity errors is found by adequately choosing the link operating
range and calibration parameters.

Where the nonlinearity error dominates, this can be corrected for by use of linearisation techniques. Where the
noise error dominates, signal processing can be applied to emphasise the signal against the noise or, if time is
not critical, the noise can be filtered or averaged out.
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and (b) relative representations.
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5. Characterisation

The parameterX, and 4X should be adjusted so as to: (1) map the input range into the linear region; (2)
maximise SNR; (3) leave enough margin to accommodate for the possible drifts of the transfer and noise
characteristics; (4) minimise power dissipation. The optimisation procedure finds the best compromise
between the criteria mentioned above.

Fig. 12 shows the results corresponding to the characterisation of a real optical link prototype, whose transfer
and rms-noise functions are represented in Fig. 5, and for two choices of calibration pulse anXitd0e,
and 200 mV.

From the plots it is possible to see that a window with good linearity opens up in the working space. The
corresponding ranges BfandX, are limited at the bottom by the laser threshold(at-0.9 V) and at the top

by the amplifier saturation (&t~ 0.9 V). The working poinX, has to be chosen so that the whole input range
fits into the 'linear' region of the transfer characteristic while maximising the achievable SNR.

The relative linearity error is better than 2% within most of the parameter space. The peak-SNR is quite
constant as a function &f, but degrades for high values Xf because of the higher noise in that region.
Potentially the SNR can be as high as 1000:1. With some margin for threshold variations, a peak-SNR of 800:1
seems achievable.

From Fig. 12, it is apparent that the relative linearity error over the operating range is not critically dependent
on the choice of the calibration pulse amplitutd¢ A possible criterion to choos#X could be to define a

region within the operating range where optimum linearity must be insured, and then to define the-factor
(see Section 2) for the top part of the range where linearity is not so critical. For the CMS Tracker application
for instance, one might choogX = 1 MIP andk = 4.

6. Tracking of the optical link performance

In the real environment we expect the characteristic optical link funi¥yrand the stochastic properties of

the noise functiom(X,t) to be slowly varying with time. For instance, experimental results show that both the
laser threshold and the laser efficiency vary, under exposure to radiation, temperature, and due to ageing [8].
Therefore, a re-calibration procedure for online tuning of the operational pararfgtersl G must be
foreseen at regular intervals.

A small variation in the value of the parameBecan lead to a big degradation of the static performance of the
system, whereas the choice of the param¢taffects the system common mode and is less critical, as long as
the operating range is well within the linear region of the static transfer function (see Fig. 12). Based on these
considerations, the re-calibration procedureso$hould be relatively simple, so that it can be performed as
often as possible, causing minimum dead time. On the other hand, the setdpghufuld be performed
relatively seldom and only when necessary.

The definition of the paramet& given in eq. 4 is well adapted to a practical recalibration scheme where a
pulse of known amplitudelX is generated by the front-end electronics. It allows accurate estimation of the
system gain in the linear region, as shown by the evaluation results of a real optical link (see Fig. 12). A
practical procedure for the setting of the working p#inis still under discussion. This is only necessary when

the laser threshold (time varying) is becoming too closé& tdfixed at calibration time), and might be
triggered by the laser output power going lower than a fixed minimum value.

7. Summary

A method for the static evaluation of analogue optical links in the laboratory has been developed. It relies on
an automated setup for gain, rms-noise, and linearity measurements, and on a software program for off-line
processing. Based on the measured data, the optical link static performance is evaluated as a function of the
operational parameters, X, 4AX. A compact representation of the results is described, where the two
evaluation criteria (linearity error and signal-to-noise ratio) are visualised irXth€)(working space. With

the help of this representation, tuning of the operational parameters to optimise static performance of the
system is straightforward, and the effect of various re-calibration schemes can be easily investigated.
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Figure 12: Static performance of the real optical link prototype for different amplitudes of the calibration
pulse: (a4X =100 mV, and (bX = 200 mV.
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As an example, a real optical link prototype has been successfully characterised. However, for the results to be
generally relevant, a larger number of links must be measured, under different environmental conditions, and
at different times. With an automated set-up and procedure, this can be done in a time effective manner.
Systematic measurements are being carried out and results will be published in the near future.
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