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Abstract

A systemto demonstratefastanalogsignaltransmissionthroughopticalfibersis presented.
The dynamic rangeof output voltagesis ���
	 to �����	 at a bandwidthof ���������� .
The intendedfuture applicationis to transmit nanosecondphotomultiplier pulsesover
distancesof 150 meterswith minimal pulseshapedistortions.The advantages,problems
andthe further developmentpotentialarediscussed.
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1 Intr oduction

The performanceof the next gener-
ation imaging Čerenkov telescopes
suchas MAGIC [1] or VERITAS [2]
dependson the quality of transmis-
sion of analogsignalsover a distance
of up to 150 meters.Both telescopes
will usephotomultipliersasČerenkov
cameralight detectors.The photomul-
tiplier pulseswith rise times as fast
as 1.2 ns and pulse widths as short
as 3 ns must be transmittedfrom the
telescopecamerato the central data
acquisition electronicsbuilding with
neglible pulse dispersion,low noise,
and minimal attenuation. Fiber optic

cablescan offer this performancebut
also have significant practical advan-
tagesover low loss, high bandwidth
coaxial cables.Their low weight and
hencelow momentof inertia put less
strain on the telescopemount. Many
fibersarepackagedin a singlecableof
low diameterwhich is easierto install
through the telescopemount. There
is zero crosstalk betweencablesand
noelectromagneticinterference. Metal
free cables also protect the readout
electronicsfrom lightning strikesnear
thetelescope.Thealternative,to install
thereadoutandthedigitizing electron-
ics in thetelescopecamera,introduces
new problemssuchasweightandtem-
peraturecontrol.Becauseof necessary
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design compromisessuch a system
will be lessflexible andof lower per-
formancethenelectronicslocatedin a
dataacquisitionbuilding.

The AMANDA experiment at the
SouthPole[3] hasusedasystembased
on analog pulses transmitted along
fiber with an LED. In our system,a
VerticalCavity SurfaceEmittingLaser
(VCSEL) is usedto give a wider dy-
namicrangeat high bandwidth.

2 Transmitter and receiver

In orderto demonstratethatfiber links
canreplacecoaxialcablein anexisting
Čerenkov telescopethe specifications
for thesystemwereasfollows.

� A bandwidth of ������� �"! corre-
sponding to a #%$'&)(+* rise time is
requiredto accuratelytransmit the, (+* wide signalpulses.� Theproductof cableattenuationand
amplifiergainshouldgive a gainof
5 to matchthatof thecurrentcoax-
ial cableandamplifiersystemin the
Whipple10 m telescope[4].� The rangeof output voltagesfrom
#�-). to �/$'��. is designedto match
the linear range of the LeCroy
model 2249A 10 bit charge inte-
grating ADC used in the present
Čerenkov telescope.� The fiber link voltagenoiseshould
besmall comparedto thecombined
effect of the night sky light back-
groundnoiseandof theshotnoiseof
the photomultipliertube.The com-
binednoisehasa minimumvaluein
theorderof 1 mV during Čerenkov
light observations.

� The system should be linear to
within 10%over thewholedynamic
range.� The power consumptionper trans-
mittershouldnotexceed500mW in
order to keepcooling requirements
to a minimum.� Finally, thecostperchannelmustbe
comparableto 53 m co-axial cable
plusacommercialamplifier. Theto-
tal componentcostperfiber link in-
cluding53 m of multi-modegraded
index fibershouldthereforebeclose
to $200.

Figure1 shows a simplifiedcircuit di-
agram for the fiber link. To achieve
the wide dynamic rangea VCSEL is
usedin the transmitter. VCSELs can
give a pulsed light output coupled
into 62.5/125micron fiber of 2 mW
for a 20 mA pulseddrive current.A
constantcurrent sourcegives a bias
current of 5-6 mA, well above the
laser threshold of 3.5 mA. After a
first stage voltage limiting amplifier
a maximum signal currentof 15 mA
is generatedby the OPA660 opera-
tional transconductanceamplifier. The
receiver converts the current signal
from thephotodiodewith responsivity
of �0$1�2&/35476 into a signal of around
0.1 Volt which is fed into a final stage
amplifier. The OPA620 waschosenas
transimpedanceamplifier becauseof
its low currentnoise.

3 Measurementsand results

Figure 2 shows the output pulseam-
plitudeasa functionof theinput pulse
amplitude.Theplot showsgoodlinear-
ity from #�-). to �/$'�8. . Hencethedy-
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Fig. 1. Simplified circuit diagram.
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Fig. 2. Outputvoltageasfunctionof input voltage.Filled circles:measuredoutputsignal.
Opencircles:measurednoise.Solid lines: predictionfor outputsignalandnoise.Broken
line: contribution of laserrelative intensitynoise.Dotted line: calculatedinherentsignal
noisedueto night sky backgroundandphotomultiplier shotnoise.

namicrangeis betterthan500.Satura-
tion is causedby thelimit on thetrans-
mitter amplifier. The responsediffers
from a perfectlinear behavior in volt-
ageby lessthan10 % andin themea-
suredpulsechargeby lessthan10 %.

The root-mean-squarefluctuation of
the peak pulse height of 7 ns wide
pulsemeasuredat400MHz bandwidth
is usedasa measureof the link volt-
agenoise.This is alsoshown in Figure
2. The measuredvaluesare in good
agreementwith those calculated[5].
For large signals the signal to noise
ratio is betterthan 35 dB. This is de-

terminedentirelyby therelative inten-
sity noiseof the VCSEL. As the laser
diode is alwaysbiasedabove thresh-
old, the relative intensity noise still
dominatesover thermaland amplifier
noiseeven for very small signalpulse
amplitudes.Over thewholeamplitude
range,the measurednoise is smaller
than >?@ of the inherentvoltagenoise
of the input signal.The inherentvolt-
agenoiseshown in figure 2 is the re-
sult of the photomultipliershot noise
andthenight sky backgroundnoise.

Figure3 showsthe-3 dB bandwidthto
be >7@/ACB DFE . The bandwidthis deter-
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Fig. 3. Left: Frequency response.Right: Examplesof pulseshapes.

minedby thevalueof thefeedbackca-
pacitorandthe resistorin the receiver
transimpedanceamplifier. Values are
chosento give stablevoltagegainwith
the requiredbandwidth.

The VCSEL thresholdcurrentandthe
light outputpowerpercurrentaretem-
peraturesensitive. However we find
that the link gain only changesby a
maximum of 3 percentover a tem-
peraturerangefrom �/� to � �/�¡�£¢ of
thetransmitterandthecable.TheVC-
SEL thresholdcurrent only changed
by 0.6 mA over the sametemperature
range.

Figure3 showsa4 nspulseaftertrans-
mission over the fiber link and over
50mof coaxialcablenormalizedto the
sameamplitude.The pulsedispersion
in the coaxial cable is much greater
than in the fiber. With co-axial cable
the pulsewidth increasessignificantly
and the amplitudewas attenuatedby
50 %. In the telescopesystem,main-
taininganarrow pulsewidth allowsthe
integration time to be shortened.This
reducesthe backgroundnoise of the
pulsechargemeasurement.

During November 1998, two single
channelfiber optic links wereinstalled

into the HEGRA CT1 telescopeat the
La Palmaobservatory. Plasticconduit
wasusedto protectthemandthey have
now workedwithout any problemsfor
elevenmonths.Anotherprototypewas
installedinto the Whipple 10 m tele-
scope.In thiscaseanindoorfiberoptic
cablewasinstalledwithoutany protec-
tion. The fiber was later accidentally
damagedduringwork on othercables.

4 Futur e prospects

The combinedbandwidthof the VC-
SEL,themulti-modefiberandthepho-
todiodeexceeds1 GHzfor distancesof
150 m. The bandwidthof the present
prototype of �¤&/��� �F! is limited by
the operationalamplifiers used.Dis-
cretetransistorcircuitsarebeinginves-
tigated.Thesearelow costandhave a
low powerconsumptionof 50 mW per
channel.New low noiseandhighband-
width operationalamplifierscan give
a link bandwidthof �/&/�¥� �F! . Since
MAGIC andVERITAS aim to digitize
thepulseshapesat a maximumrateof
500 Mega samplesper second,this is
sufficient.

Thedynamicrangeof thecurrentsys-
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tem is 500. We have learned from
the VCSEL manufacturer, Honeywell,
that for low duty cycles and short
pulsesthe lasercurrentand therefore
the optical output power of the laser
can be increasedten-fold. Therefore,
it is theoreticallypossibleto get a dy-
namic rangeof up to �7�§¦ . To match
this performancedual rangeinput cir-
cuits to extendthe input voltagerange
of 500 MHz 8-bit FADC circuits are
beingdevelopedby both MAGIC and
VERITAS.

We have not yet testedfiber optic ca-
bles for damagecausedby slow but
continuous bending and torosion in
a telescopemoving aroundtwo axis.
However, sincethe fibers are flexible
while thejacketof thecablecontainsa
materialsuchasKevlar to takeup the
mechanicalstressweexpectedsuitably
designedfiber optical cablesto have
betterbendingandtorosionproperties
thancoaxialcable.

The cost of componentsper channel
to build a 120 channelsystemfor the
Whipple telescopesystem including
100 m of fiber optic cable is $200.
This is mainly concentratedin a few
components:thefiber, the laserdiode,
theopticalconnectors,thephotodiode,
andtheoperationalamplifiers.Placing
multiple VCSELs or photodiodeson
a single chip array and connectingto
fiber via a MT connectorcan reduce
costs of these components.Discrete
transistor solutions are considerably
cheaperthanoperationalamplifiers.

A drawback of VCSEL is that they
areclass3b laserswhich requirelaser
safetyprecautions.Transmitterandthe
receiver must be enclosedwith addi-

tional safety interlock mechanismsto
avoid accidentallyexposureto IR ra-
diation. A further safety measureare
connectorswith shuttersthatblock the
beamwhenopened.

5 Conclusions

Wehavedemonstratedthatanalogpho-
tomultiplier signalscanbe transmitted
byopticalfibersusingVCSELsaslight
sourcesgiving a performancesuitable
for imagingČerenkov cameras.Analog
signal transmissionover optical fibers
can be usedfor next generationtele-
scopessuchasMAGIC or VERITAS.
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