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Abstract

Lightwave links for analog signal transfer are being developed and evdioaggglication in
high-density interconnecthe reflectivelinks are based on compadatlectro-optic intensity
modulators connected by ribbons of single-mode fibres to remotely located transceivers (lasers
and photoreceivers) and read-out electroritcs. long-termcharacterizationfour Asymmetric
Fabry-Perot Modulator (AFPM) prototypes were continuoagigrated andnonitored over a

period of eightmonths.The collected data allow evaluation of the syst#me stability and
simulation ofthe possiblerecalibrationproceduresThe recalibratiorrequirements t@chieve

the desirable accuracy and reliability are inferred statistically.
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1. INTRODUCTION

Optical links find extensiveuse wheneveithe requirements on bandwidth, power
dissipation and material budget become demnanding forconventional copper cabling. In
preparation for the next generation of collidingam experiments #te CERN Large Hadron
Collider (LHC), high density optical interconnections are being develfipeahalog or digital
signal transfer betweethe detectorfront-end electronics anthe remote data-acquisition
systems. Electro-optical transmitters will be mounted inside the detector voluroersradted
by optical fibres to remotelipcated receivers. In theMS experiment [1], a 50 000-channel,
100-m-long, analog optical link will be used to transfer raw data at a rate of 40 rsdhoples
per second from the 15 million channelstlod tracker detectors. Buildirguch anoptical link
presents manghallengeq2]. Key issueswill be the long-term systenteliability and time
stability.

This paper addresses the time stability issue: a realistic link prototype has been monitored
over a period of more than 5500 h under varying operational condifibasoptical linkunder
test is based on external modulation of a laser beam using an electro-optical intensity modulator
[3]. The Asymmetric Fabry Perot ModulatgkFPM), avertical InGaAs/InP multi-quantum-
well (MQW) cavity, is operated in reflectiamode; it is described in [4]'The measurements
are performed on four-channel links using monolithic modulator arrays packaged in a compact
housing [5]. The generalmeasurement set-up is described Saction 2. The resulting
experimental database serves as a rich template of system responsesawliehsed both
for characterization andor simulation purposes. Resulése visualized in a compact and
intuitive form, as defined in Section 3. The intrinsic performances of the evaluated channels are
compared and their correlation with environmental parameters is studied in Section 4. Finally, a
statistical method to quantifythe time stability of the link performance is proposed in
Section 5. It is used to simulate, evaluate and optimize possible recalibration procedures.

2. EXPERIMENTAL SET-UP AND MEASUREMENTS

The measurement set-up is shown in Fig. 1. Two system pmants easily be
distinguished: thefront-end electro-optical interfac6§modulators) andthe back-endopto-
electrical interface(transceivermodule andlaser source)The CW laserserving the four
modulator channels is a high-power Fabry-Patetice. The wavelength of operation is
1.55um. The transceivemodule performsall opto-electricalconversion functions on the
back-end of the link. Ifans outthe DC opticabower andsends it tothe modulators across
four optical channels. It detects and amplifitee back-reflected analagjgnals through four
DC-coupled photoreceiver§he amplification isperformed using low-noise transimpedance
amplifiers followed by alifferential gain stage featuring an overall differential transresistance
of R= 700 KQ and an equivalent current input noisel of 2.5 pAN¥Hz. The photodiodes are
low back-reflection devices in order to reduce phase-to-intensity optical noise conversion in the
link.

A controller kept bottthe laser drive-current and the laser temperature constaiatso
both emitted light intensity and wavelength wesgpected to be stablileverthelessthe light
intensity incident on thenodulators wasot stable; itwas correlated with controlroom
temperature, because of temperature sensitivity obphieal splitterand couplers spliced in
series. Adigital-to-analog converter set as@eptthe reverse bias dhe modulatorswhile a
data-logger read and storede currentthrough each modulator junction (via a 1-K
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resistance), as well as the output voltages of the photoreceivers. All these operations were
coordinated by a central processor running LabVIEW software.
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Figure 1. Experimental set-upl'he transceivemodule (onthe right)consists of an FRaser
diode, a 1x 4 splitter, four 2x 2 directional couplers, and four photoreceivers. The
front-end module (orthe left) containgwo four-channel modulator chigs.n.20
and s.n.28). Twochannels were monitored ach chip,giving a total of four
evaluated channels.

The reflectivity and absorption characteristics of tiedulators were monitored through
periodic measurement of the link input characteristics and transcharacteristics (see Fig. 2), both
with the laser on anevith the laseroff. The input characteristicis defined as the current—
voltage characteristic of the AFPM. When the laser wastlwfimeasuredturrentwas simply
the leakage current of tie&=PM junction (or dark current)Whenthe lasemwas on, a photo-
generated currenvas added to thelark current in proportion tthe absorbedoptical power.

This is called th@hotocurrent characteristiandwas calculated as the difference between the
total input current and the dark current. Trenscharacteristids the systemresponsei.e. the
transceiver output voltage as a function of the modulator input-voltage. When the laser was off,
therewas nocoupling between the input and the output of the link, anarbasuredutput

was constant and equal to the voltage offset givethéyeceiverWhenthe lasemwas on, the
measuredroltagewas linearly dependent on the reflectedwer and thus othe modulator
input-bias. The characteristics were sampled over a wide input range, @otradthe linear

region of themodulators.The inputbias wasreduced in regulasteps from -5 to —15 V, as
shown in Fig. 2.
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Figure 2: Transcharacteristic (top) and photocurrentratigristic(bottom) as a function of
time, for a typical channel. Measurements were performed periodically, thpe#
times per hour.



The characteristicaere measured over a period of 5539 h (alneigiit months). A
small amount of data was lost because@aih acquisitionnterruptions due to software errors
or upgradesThe periodicity of themeasurements wasitially set at 1 h. At timé = 3454 h
some important software improvements were implemented. thig¢ritime: the input voltage
was scanned with a dual resolution (0.5 and 0.2 V) for finer resolution around the linear region;
eachmeasurement wathe result of an average of 10 acquisitions in qusciccession
(denoising); the measurement periodicity was decreased from 1 h to 28llaviimg changes
to be monitored with an improved time resolutitre temperature of the back-end electronics
was monitored.

A template ofalmost 10 OOQranscharacteristics, input characteristics and photocurrent
characteristics per channel was obtained. This represents an empirical but neatistiof the
system undewarying environmental conditions. FiguresBowsthe temperature evolution
during the whole period: diurnal oscillation in addition to seasonal trends are apparent.
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Figure 3: Temperature evolution during the experiment.

The collected data has been used lhottperformance and timstability characterization
and for simulation of different recalibration procedures. The heavy data-analysis workload was
eased by a more compact representation of the results, as discussed in the following section.

3. EVALUATION CRITERIA

The analog linkresponse(transcharacteristic, input characteristic and photocurrent
characteristic) can be written in the fowa f(X) + n(X), whereX is the input signalf(X) is a
deterministic function describing the average static charactegsfjonse othe system, and
n(X) is a centrechoise whosestochastic propertiesiay depend onX. For characterization
purposes, it is useful to evaluate limearity and modulation deptlof the deterministic part of
the link response.

For analysis purposes, the respdiiXewas modelled as a sixth order polynoniiabf
the measurement point, ahown in Fig. 4. In amdeal operationamode ofthe link, it is
desirable that the resporf¢X) is a linear function of the inpt{, so that the value of can be
determined preciselfrom the measurement of(X). However, inreality, this is true only
within a certain approximation and only for a given range of input values (see Fig. 4). Based on
a linear approximation

f(X)=Y, =¥+ G X %) (1)



the real value oK is estimatedX,,) from

_fX)-Y
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Figure 4: Definition of the link optimization criteria. The linearitgrror is the absolute
deviation between the link response and its linear fit. The integral nonlinegrisy (
the maximum linearity error insidethe nominal linear range, normalized to the
linear range width (2¢). An integral nonlinearity constrairtt defines theinear
input rangeA, for agiven fit G. The optimization procedurenaximizes the
modulation depth@-4) for a givena.

The error due to deviation from linearity (orearity error) is

gx(x):|xest - x| = f(X)T_YO

+Xg - X (3)

and the input range &f must be restricted to a region where the characteristic furiGfphas

a linearity erroe,(X) which is within a predefinechaximumallowed errorM(X). This region

is thelinear input rangeand its linear transformation is theear output rangeThe maximum
allowed errorM(X) is a positive function defined arbitrarily according to the application
anticipatedfor the system — it isdependentamongother things, orthe nature of the signal
(unipolar or bipolar), and the required precision (absolute or relative).
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The compact representation of the characteristibased onthe following set of
parameters (see Fig. &;, Y,, G, andA. Thefirst threeparameters definthe linear fit:Y,, =
Y, + G- (X—-X,), where K, Y,) is a point on the fit line —hot necessarily on the curiX) —
andG is the fit slope X, andY, arealsothe centres of the linear input range and linear output
range, respectively, i.e. the intervalsvshere the linearity conditions aremet.
The amplitudes of these intervadse defined by the specification of thaurth parameter.
The linear input range isthus [X,—A4A,X,+4], and the linear output range is
[Y,—GA, Y+ G-A]. The termG-A is themodulation deptland defines a quality factor of the
link. The ‘optimum’ linear fit is defined by thenaximization of this parameter forgiven
characteristi¢(X) and a givetM(X).

Procedures have been developed to evaluate the optimum linear fit to any characteristic in
the general case. For long-term characterization purposes the computationehdaad great
and sowas reduced byproposingthe following two hypotheses: (ahe characteristics are
assumed to be S-shaped (similathte curve plotted ifrig. 4) and tchave adominantcubic
component; (bthe acceptablerror mask isdefined to beuniform and proportional to the
linear range widthM(X) = a-(24), with a << 1 (see Fig. 4)The maximum linearity error
£/(X) allowed overthe linear input range, normalized to the input range widi)(2s called
the integral nonlinearity According to hypothesis (ldpe integral nonlinearitynust be less
than or equal tar. Therefore,

Szx—g)sa, OX O[Xo - A X +4]. (4)
Within the two hypotheses stated above, the linear fit to a characterisfitilmum’ (i.e.

it maximizes the modulation depB4) if and only if the corresponding integral nonlinearity is

equal toa. The optimum linear fit is calculated usingigerative procedure. Firsthe optimum

linear fit to the cubi@pproximation othe characteristic is calculated analyticallhis is an

approximate solution, which is used #w iteration starting-point. Théollowing steps

converge it towardghe actuakolution. This simplified method afalculation gave excellent

results. The convergence was fast and in most cases the solution could be determined with any

desired degree of precision. The residual uncertainty, due twibe terrm(X) affecting the

raw data, has also been calculated and appearsadars on thegraphs in Fig. 5. It should

be noted that the adoptedethod is purely morphological, and avoids adhifferential

operation, thus limiting numerical errors. Evaluation of the system parameters as a function of

time, provides a powerful means tuantify time stability and environmental-parameter

dependence.

4. CHARACTERIZATION

Figures 3, 5, and 6 shotlie environmentgbarameters (temperature) athe processed
results forthe photocurrent characteristic andstgyn transcharacteristic. Thisur monitored
channels correspond to two modulator packages: s.n.20 and &ro28the beginning of the
experiment, the two channels corresponding to the first package (s.n.20.1 and s.n.20.4) showed
a higher output noise because of a batical interface in the packagé€his resulted in the
instability of the parameters with time, which is particularly visible in the reflectivity plots (Fig.
6).
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Figure 5: Calculated linear-fit parameters of the photocurrent characteristic.
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Figure 6: Calculated linear-fit parameters of the transcharacteristic.
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The dark current of the s.n.28 assembly increased by several orders of magnitude during
monitoring. This showed veriittle correlation with environmental parameters, and was
attributed to thdormation of parasitic leakage channels along gassivation layers of the
AFPM junction [6]. However, darkcurrent variations do not directly affect thbsorption—
reflectivity properties of the voltage-drivanodulator, and therefore do nalffect either the
photocurrent characteristic (photo-generated portion oftdta leakagecurrent), which is
proportional to theabsorbed power, dhe transcharacteristisyhich is proportional to the
reflected power.

The photocurrent characteristic (Fig. 5) represents an imathe ofodulators only, and
depends on environmental parameters through the incident power, fibre coupling (package) and
die behaviour, wheredhe transcharacterist{€¢ig. 6) describethe behaviour of the full link,
and so is also dependent dme transceiver optics and electronics. Therefore, ¢hadive
influence of various environmental factors on the system transcharacteristic iglifincuk to
determine. By comparing Figs. 5 and 6, it is clear that the global system response (Fig. 6) was
much moreunstable and noisier than the photocurf€ig. 5). Correlation plots fothe first
1000 h of observation (Fig.7) confirmed a vetiear dependence of theodulator
photocurrent bias-point aihe irradiation-cell temperaturethich wasnot immediately visible
on the reflectivityplots. The correlation is due to the temperature dependence of the MQW
exciton peak position. The measured positive shift was of the order of 0QFsék Fig. 7).
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Figure 7: Correlation between photocurrent bias-point and front-end tempershawjng a
linear temperature dependenc¥(dT = 0.15 VFC).

The linearity centreX ) of the photocurrenplots (Fig. 5) wasystematically 0.5 to 1 V
different from that of the reflectivityplots (Fig. 6). This was confirmed bydependent

8



laboratory measurements. The width of the linear regidiir@lative to an integral nonlinearity
of a = 1%) was inall cases larger than 3 V. d¢an be reduced if tighter integral-nonlinearity
requirements need to be met.

A few computer-control errors occurred duritige monitored period, andome data
were lost. On one occasidat time t = 3454 h)the laser temperature controller did not start
correctly, andfor sometime the laserwas left uncooled. Despite theoor quality of the
corresponding data, this fact added new possibilities tanhdysis, since iwvasthen possible
to observethe system response to a power (amdvelength) step, whethe temperature
control was turned on again< 3783 h). Figure 5 shows alty that thebias-point shifted in
correspondence witthe laser temperatustep. Independenmheasurements showehat this
could not be gower dfect. As it is the temperature of the laser diodach is varied, the
wavelength of the emitted light iglso changed. According tthhe laser datssheets, the
temperature dependence of the wavelength for a Fabry-Pero(ddsem?C) is high enough
to explain the magnitude of the bias-point shift. Differences from channel to channel, visible in
the plots, can be attributed to the uneven quality of the fibre butt-coupled interface. The
requirement for dinear region stability within dew hundred millivoltstranslates into a
requirement for a wavelength stability within a few angstroms.

5.  TIME STABILITY AND PERIODIC RECALIBRATION

The set ofcollected dataepresents a comprehensive overviewtl® long-term link
behaviour, subject to environmental parameter fluctuations. An empirical stability model can be
inferred from these data, and realistic operation of the system can be simulated.

Despite the facthat in the final application thieont-end temperature will be controlled,
the time instability ofthe link behaviour is still a cause of concern, aothe procedure for
automatic recalibration must be foreseen. We use the colidatedo analysand quantify the
performance degradation due to system instability. The effect of the recalibration period on the
statistics of the integral nonlinearity is studied, and the recalibration time is optimized according
to the application requirements.

The set of fit parametels, Y,, G, andA was defined in Section 3. These parameters can
be optimized for aiven characteristif(X) to maximizethe moduléion depthG-4, given an
allowed integral nonlinearitg. If the parameters are optimized tbe characteristif(X) at the
observation time, the linearigtror is lower tharx for all values ofX belonging to thdinear
region. Howeverpecause of time instabilities, a time-dependanrhponent is added to the
error andthe integral nonlinearity quicklpecomes greatéhana. Periodic recalibration then
becomes necessary, with a frequency determined accordihg statistical distribution of the
performance degradation.

Figure 8 shows an example of the integral-nonlinearity evolution aftenrecalibration.

The parameters are optimized at a tirae, (set arbitrarily to 4000 h in the plot) for aregral
nonlinearity ofa = 1%. Because of transfer function instabilitye integral nonlinearity for

t>t increases above the optimized vatugto 3% after only 25 h, to 6% aftd00 h,etc.).

The short-term performance degradation can be significant, thus justifying the need for periodic
recalibration.
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Figure 8: Integral-nonlinearity degradation due to titae instability ofthe systenresponse
(AFPM s.n.28.4) when no periodic recalibration is performed.
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In the context of our simulatiothe term ‘recalilvation’ refers tothe optimization of the
linear-fit parameters (according to a given criterion) at a specific moment in time. This is an
abstract operatioperformedmathematicallyassuming agoprecise knowledge othe system
transfer functiorf(X). No practicalconsideration about its implementation imeal system is
given here.

To allow comparisorbetween different channels to beade,the time stabilitymust be
calculated for equal performance in terms of linear range. The recalibration procedure therefore
uses dixed linear-range width of 3 VA = 1.5 V), and the fitparameters(, Y,, andG are
optimized to give a minimum integral nonlineargtywithin the interval K, — 4, X, + 4].

The analysis was performed odata collectedfrom t = 3454 h tot = 5539 h,
corresponding to high-resolution data (see Section 2). The s.n.20.1 moduéatoelas not
analysed since its data were too noisy and not considered to be representgpicalafystem
behaviour.

The analysis wagarried out following twdifferent approaches. lIthe first approach,
the maximum acceptable linearitgrror wasfixed arbitrarily, as an upper threshold, and the
recalibrationwas triggered whenevethe actualmaximum error passed this threshold. This
method is noise limited. Recalibration was triggesrdost continuously by noise spikes, and
it was difficult to extract any useful information abouthe systemperformance in the
operational region of interest (integral nonlinearity contained withfewapercent). In the
second approach, the recalibration pefipdvasfixed, and the recalibratiowas performed at
regular intervals. For each valueTof the linearity error statistics were studied. FigushBws
an example of this approacflhe recalibrationwas simulated with aperiodicity of
12 h. An output AC couplingvas assumed, shatY, was alwaysequal to zero. The other
parametersX, andG) were constant in the time interval between two successive recalibrations,
and were only updatedhenthe recalibratiortook place. The evolution of theorresponding
integral nonlinearity was monitored. It periodically started from a minimutimeatecalibration
time, and deviated randomly during the time interval between two successive recalibrations.
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PERIODIC RECALIBRATION (AFPM s/n:28.4; T. =12 h)
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Figure 9: Simulated periodiaecalibration(AFPM s.n.28.4).The fit parameters (top and
middle graphs) werduned at discrete time intervals (evefy = 12 h). The
corresponding integral nonlinearity is shown in the bottom graph.

The maximum integral nonlinearityfor each intervall, is retained, and the statistical
distribution overall intervals can be plotted ahown in Fig. 10 T, = 12 h), giving a
guantitative indication of the channel time-stability. To see if the applicegigmrements are
satisfied, this plot (and similar ones) are compardtd¢onaximum acceptableerror. Itcan be
inferredfrom Fig. 10that the integral nonlinearitwould notexceed2.5%, for example, in
75% of the cases.

The previous analysisan be iterateéor different T, to analyse the dependence of the
linearity error statistics on the recalibration period. Figurstdwsthe results inthe form of
compact ‘box plots’The three horizontal lines in thmxesindicate theposition ofthe lower
(25%), median (50%), and upper (75%) quartiles; the notches around the median qneetiles
an indication of the possible errors due to the limited statistics.

The results of the simulations show that bibtl average and the distributiaround the
average of the integral nonlinearity tend to increase as a function of the recalibration period.
This confirmsexpectations. This tendenseems however tsaturatetowards T, = 12 h,
possibly in correspondence withe daily temperature cycles. Investigatiwith recalibration
periods higher than 12 h did not give significant results becausiee dimited number of
recalibrations performed and the correspondingly poor integral-nonlinearity statistics.
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PERIODIC RECALIBRATION (AFPM s/n:28.4; T. =12 h)
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Figure 10: Distribution ofthe integral-nonlinearity probabilitipr afixed recalibration period
T,=12 h (AFPM s.n.28.4).
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Figure 11: Integral nonlinearity statistics as a function of the recalibration péAdtP M
s.n.28.4).The ‘box plots’ representhe position ofthe first, second, and third
guartiles. The notclaroundthe secondquartile gives a visuaindication of the
estimation reliability.
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Based on graphs like the one in Fig. ftie recalibration period can be optimizéor a
given channel) according to the integral-nonlinearigguirements andhe corresponding
confidence level. Figure 12 shows, fostance, thgosition ofthe third quartile as a function
of the recalibration perio@, for three of the foutestedmodulator channels. Thiadicates the
integral nonlinearitywhich would not beexceeded in75% of the cases. Ifthe maximum
acceptable error, at this confiderieeel, isfor instancea = 2%, wecan allow a recalibration
period of 1 h forchannels.n.20.4, 3 h fochannel s.n.28.4, andorethan 12 hfor channel
S.n.28.3.

This analysisshows that the sgtem performancetability with time can be greatly
improved by using a periodic recalibration (compare Figs. 8 and 12). For instance, a periodicity
of 6 h would be enough to keep timegral nonlinearitypelow 3%, with econfidence level of
75%, forall the evaluatedhannels (see Fig. 12). eneral, acompromise has to be made
between three parameterthe linear-regionwidth, the maximum acceptable integral
nonlinearity, and the recalibration frequency. If the linear-regumith is fixed (as in our
analysis), then the trade-off is between the maximum integral nonlinearithemecalibration
frequency (ashown in Fig. 12)Alternatively, if the allowed integral nonlinearity is defined,
the recalibration period has to be adjusted in order to ntlaéaninimum linear-region width
requirements.
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Figure 12: Time-stability performance of the thregaluated channels. The plefpresents the
third quartile position inthe integral-nonlinearity probability distribution as a
function of recalibration time. The channel integral nonlinearity is below the plotted
value in 75% of all measurements.
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6. CONCLUSIONS

Analog AFPM modulator based lightwave links were developed and teStieRM. A
preliminary study otheir long-termreliability and stabilitywas arried out. A four-channel
link prototype was monitored over a period excee@5@0 h and a proceduveas developed
to evaluatdts performance as a function tife operationaparameters (bias poininear-fit
gain, linear range). Theansmitter behaviour, in particulawas shown to bdemperature
dependentHowever intypical LHC applications, thdéront-end temperature will be stable to
within 1°C. Measurements in such t@mperature-stabilized environment werecently
completed, and resulshow very stable performance. Nevertheless, periooalibration of
the operational parameters must be foreseen to maogamum performance throughout the
whole operational period of the optical link. The integral-nonlinearity statisges calculated,
allowing the systemrecalibrationrequirements to be determined. Only a small number of
channels were evaluated. Omoere channels have been tested, it will pessible toassess
average performance levels and define a practical recalibration procedure.
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