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Chapter 4

Optical communication for the
SCT

The communication between each SCT module and the data acquisition system
is made via an optical system [40]. This chapter describes the architecture of
this system as is used by the ATLAS SCT, and the opto-electronic components
used in the system. The optical performance of the SCT end-cap as measured
at various stages of the SCT end-cap construction will be discussed. In addition
the typical problems with the optical components discovered during the testing
of the SCT end-cap are discussed in detail.

4.1 Opto-electronic components

Each SCT module is connected to the read-out system using three individual
optical links: one link to receive the clock and command signals and two links
to return the data of the module to the data acquisition. The conversion from
electronic to optical signals is done using Vertical Cavity Surface Emitting
Lasers (VCSELs), while the conversion from optical to electronic signals is
done using photo-sensitive p-i-n diodes [40].

One SCT module requires two VCSELs and one p-i-n diode on the detector-
side and one VCSEL and two p-i-n diodes on the data acquisition side of the
system. The on-detector opto-electronics are placed in an opto-plugin that
connects to each module, while the off-detector opto-electronics are integrated
in the electronics of the data acquisition system.

The opto-electronic components are coupled to Step Index Multi-Mode
(SIMM) fibers [41] to send the optical signals from and to the detector. The
fibers are composed of fiber harnesses on the disks, fiber ribbons on the cylinder
and ∼80 meter long fiber cables between the detector and the off-detector read-
out systems. The connections between the different fibers are made at patch
panels on the disk periphery and the far-side of the SCT end-cap.
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4.1.1 Conversion from electronic to optical: VCSEL

The Vertical Cavity Surface Emitting Laser (VCSEL) [42] is a type of semi-
conductor laser diode that emits laser light perpendicular from the surface of
the structure.

The basis of any laser is to force photons to pass many times through a gain
medium by trapping them inside a highly reflective optical cavity. The process
of stimulated emission creates new photons with the same phase, frequency,
polarization and direction of travel as the original photon. This means that
light trapped inside the optical cavity is effectively amplified. The energy for
the creation of the new photons comes from the recombination of electron-hole
pairs that are pumped into the gain region by a drive current applied to the
VCSEL. The laser components as implemented in the VCSEL1 used in the
ATLAS SCT are shown in figure 4.1.
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Figure 4.1: A schematic representation of the GaAs VCSEL used in the ATLAS
SCT optical links.

The gain medium of the SCT VCSEL is composed of Gallium Arsenide
(GaAs) which has a ’direct band-gap’ [43] of 1.43 eV (865 nm). In a direct
band-gap, electrons at the conduction-band minimum can combine ’directly’
(without transferring momentum to the silicon lattice) with holes at the valence
band maximum, and the recombination energy across the band-gap is emitted
in the form of a photon of light.

The optical cavity of the VCSEL is formed using distributed Bragg reflector
(DBR) mirrors. DBR-mirrors are formed with layers of alternating high and
low refractive indices. Each layer boundary causes a partial reflection of an
optical wave. For photons with a wavelength close to four times the thickness of

1VCSEL type TSD-8A12 supplied by Truelight, Taiwan.
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the layers, the multiple reflections combine with constructive interference, and
the layers act as high-quality reflectors. The gain region between the mirrors
consist of so-called ‘quantum wells’ that confine the photons to a planar region.
The VCSELs used by the SCT were designed to reflect 99% of photons inside
an optical band of 850 ± 10 nm wavelength. The small amount of light (≈ 1%)
which passes through the top mirror forms the light output of the VCSEL.

The VCSEL forms a pn-junction by using and p- and n-doped DBR mir-
rors. Applying a forward electrical bias over the junction, holes are injected in
the p-type2 and electrons are injected in the n-type, so that the width of the
depletion region is reduced. For a sufficiently high forward bias (1.9 Volt for an
SCT VCSEL), the depletion zone eventually becomes thin enough that elec-
trons can cross the junction into the p-type where they recombine with holes,
and vice versa for holes that inject into the n-type. Although the electrons
recombine with holes shortly after penetrating into the p-type, the electric
current continues, as holes flow in from the opposite direction. The forward
bias current is applied between the backplane and a ring shaped-electrode on
the p-side, allowing the output beam to exit from the top of the structure.

The SCT VCSELs were designed to have an average coupled power into the
SIMM fiber or more than 700 µW at a drive current of 10 mA. The amplitude
of the drive current can be set via an external control line and can be varied
from 0 to 20 mA. The rise time of the VCSEL light is maximally 120 ps, which
is sufficiently fast for transmitting signals with a frequency of 40 MHz.

VCSELs are very susceptible to electro-static discharge (ESD). A small
discharge through a VCSEL is sufficient to cause dislocations in the material,
which can alter the behavior of the active region or mirror such that the op-
tical cavity is destroyed and the VCSEL ceases to function. To prevent ESD
damage, researchers were required to wear “ESD-safe” clothing and shoes, to
prevent the build-up of static charge, while working on the assembly of the
SCT end-cap.

4.1.2 Conversion from optical to electronic: p-i-n diode

The ATLAS SCT uses silicon p-i-n photo-diodes to receive the light produced
by the VCSELs and convert it into an electric signal. The basis of p-intrinsic-n
diode is the use of a junction with a lightly doped near intrinsic semiconductor
region between p- and n-type material. Figure 4.2 shows the schematic lay-out
of the silicon-based p-i-n diode3 used in the ATLAS SCT end-cap.

Applying a reverse bias over the p-i-n diode sweeps out all the charge
carriers and leave behind a non-conducting depletion area. Photons arriving
at the p-i-n diode can produce electron-hole pairs in the depletion area. These
charge-carriers are swept out of the region by the reverse bias so that a current

2Electrons are being removed from the p-type, leaving behind holes.
3Silicon p-i-n diode types Apex 10, supplied by Centronic, UK.



66 Optical communication for the SCT

light

Vbias

Anti−Reflection coating

intrinsic layer

n−type bulk

p+−type

n+−type
metal contact

Metal contact

Figure 4.2: A schematic representation of the p-i-n diode used in the ATLAS SCT
optical links.

is induced. The advantage of using an intrinsic layer is to create a larger
depletion region with an almost constant electrical field. This increases the
area where electron-hole pairs can be generated, and makes the induced current
approximately proportional to the amount of light received by the diode.

ATLAS SCT uses silicon based p-i-n diodes that have an active diameter
of 350 µm with an intrinsic region of ∼ 15 µm, chosen to be well above the
average absorption length of photons with a wavelength of 850 nm, which is 10
µm. The low thickness allows the p-i-n diode to be fully depleted at relatively
low reverse bias voltage (<10 V) even after receiving the expected amount of
radiation damage. Radiation damage effects alter the doping concentrations in
the p-i-n diode similarly as was described previously for the SCT silicon sensor
(see section 3.2.4), causing the p-i-n diode response to reduce with increased
radiation. The p-i-n diodes were designed to have a typical response of 0.5
A/W, before radiation damage, which is expected to reduce to ∼0.35 A/W,
after 10 years of LHC running [44].

A minimum mean current of 30 µA is required by the chips decoding the
diode output signal to correctly interpret the signal. However this minimum
needs to be adjusted when taking into account the occurrence of Single Event
Upsets (SEU). SEU is the effect where the deposition of a sufficiently large
amount of energy in the electronics, for example from a α-particle or low
energy proton or nucleus passing through the module hybrid, causes a bit to
flip and creating a bit-error in the system.

Between the various chips and opto-electronics used in the SCT end-cap,
the p-i-n diode is most sensitive to SEU effects, due to its relatively large
surface diameter of 350 µm. The extra charge required to create a bit error
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increases with increasing value of current in the p-i-n diodes, Ipin. Studies
made on the performance of p-i-n diode in various particle beam tests give a
minimum requirement of Ipin=75 µA to stay below the maximum bit-error rate
during high luminosity runs of the LHC [44].

4.1.3 Optical fibers

The optical signals are carried in Step Index Multi-Mode (SIMM) optical
fibers4, chosen for their radiation hardness [41]. “Step-index” indicates the
refractive index profile of the optical fiber, which is used to contain the light
within the core of the fiber. The profile is formed by a uniform refractive in-
dex within core of the fiber, and a cladding around the core with a much lower
refractive index. The fibers are radiation hard by design as they use a pure
silica core, while normal SIMM fibers have doped cores that make them more
susceptible to radiation damage. Figure 4.3 illustrates the reflection of light
inside the optical fiber.
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Figure 4.3: Schematic illustration of light reflecting in an optical fiber.

When a ray of light hits the transition between material with different
refractive indices, part of the light is reflected at the incident angle, and part
of the light enters the coating with an angle defined as the reflection angle
θr. When θr becomes greater than 90◦, all the light is continuously reflected
back into the core, and the optical signal can propagate along the fiber. The
maximum incident angle at the fiber, θmax, for which light is propagated along
the fiber is given by:

n sin(θmax) =
√
n2

1 − n2
2, (4.1)

where n is the refractive index of the medium from which the light enters
the fiber. By using a much lower refractive index in the coating (n2) relative

4Supplied by Fujikura, Japan.
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to the core material (n1), the light can be contained in the fiber core over a
large range of incident angles. For the optical fibers used in ATLAS

√
n2

1 − n2
2

(defined as the ’numerical aperture’ of the fiber) is 0.200 ± 0.015.

Absorption and scattering of the light in the optical fiber leads to some loss
of light along the fiber length. The light loss in the fibers was measured to
be less than 15 dB/km, corresponding to ∼1.2 dB loss in the 80 meter fibers
that connect the SCT end-cap with the off-detector electronics. Taking into
account additional loss in the optical connector (≈ 0.5 dB per connector) and
some margin for unexpected losses a minimum excess power in the range 6-8
dB is required from the VCSELs [40].

Any small light leak from the fibers onto the silicon sensors can lead to
significant excess noise in the detector, as photons with a wavelength of around
850 nm have a high probability to produce electron-hole pairs in the silicon
sensors. To prevent any light leakage from the fibers in the vicinity of the
sensor, the fibers are wrapped inside black tubing material that is opaque to
the light from the VCSELs.

4.1.4 Signal encoding

The SCT modules need to receive two types of information in order to function
properly: the 40 MHz LHC clock, in order to assign hits to specific bunch
crossings, and the configuration data, that contains the module specific settings
for the read-out electronics at the module hybrid.

The TTC (Trigger, Timing and Command) signals uses bi-phase mark
(BPM) encoding to encode the configuration data on top of the 40 MHz bunch
crossing, allowing clock and command signals to go on one fiber. The principle
of BPM-encoding is illustrated in figure 4.4. The encoding represents each
clock cycle as alternating 0’s and 1’s and for each data signal an additional
transition between 0 and 1 is added. The BPM-encoded TTC signals are
produced by a set of specialized chips on the DAQ-side of the system [45].

On the module the BPM signal is decoded by the DORIC5 chip, that
recovers the 40 MHz clock and passes the configuration data to the read-out
chips on the module. When returning data from the module, the data is
collected by two master chips and transferred to two channels on the VCSEL
Driver Chip (VDC). This chip translates the signal into the drive signal that
operates two VCSELs that are connected to the module via the opto-plugin.
The light from the VCSELs on the modules arrive at an array of p-i-n diodes
on the DAQ-side, where it is decoded. From there on the data can be processed
for calibration tests or passed along the read-out chain for physics data taking
runs.

5Digital Optical Receiver Integrated Circuit
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Figure 4.4: Illustration of bi-phase mark (BPM) encoding, where clock and com-
mand are combined into one data stream. The signal is delayed by three bunch-
crossings. Note that without data input the BPM output corresponds to the clock
input divided by two in frequency.

4.1.5 Redundancy options

During the 10 years of LHC operation, access to the inner detector will be
limited and there will be very little possibility of for repairs in case of de-
fects in the optical components at the detector-side. To prevent loss of data
from a module in the case of failure of one of its optical links, redundancy
options are provided: In case of a broken data link, all the data from the
module can be returned through the second data link. In the case of a broken
clock-and-command link, the module can receive its signals via one other SCT
module using the connections that are present between the electronic hybrids
of neighboring modules.

4.2 Test of the optical components on the disk

The optical fibers that are mounted on each SCT disk come in packages, so
called optical harnesses, that connect to up to six SCT modules. An optical
harness contains one opto-plugin for each module to connect three optical fibers
to each module hybrid. Each opto-plugin houses two VCSELs and one p-i-n
diode to establish the communication for that particular module.

Once the disks had been placed inside the end-cap cylinder, access to the
opto-electronics on the module-side was no longer possible, and any problems
in the opto-harnesses had to be solved before that. In order to detect malfunc-
tioning opto-electronics or misplaced connections, the VCSEL power output
and the p-i-n diode response were measured at various stages of the end-cap
construction. These tests took place after all other disk services (power tapes,
cooling circuits etc.) were in place, and just before the modules were placed
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on the disk.

4.2.1 Response of the p-i-n diodes

The p-i-n diode response was measured by injecting laser light on the p-i-n
diode and measuring the current that was induced in the p-i-n bias supply
line. A reverse bias of 5 V was applied over the p-i-n diode during the test.
The laser light had a wavelength of 850 nm and fixed power output of 360 µW.
The induced current on the bias line divided by the laser power was used to
find the p-i-n diode response in A/W.

Figure 4.5 shows the measured response after opto-harness placement for
all 988 p-i-n diodes of SCT end-cap A. The figure shows the p-i-n response
measured during these test to be around 0.42 A/W. The response for p-i-n
diodes measured by shining light directly on the p-i-n (no loss of lights in the
harness fibers and connectors) was 0.48 A/W [46]. This means the measured
value in the end-cap harness has an average loss of 0.7 dB, which is within the
expected loss of the connectors and fibers of around ∼ 1 dB. The spread in the
measured values of the p-i-n diodes response is mostly a result of the spread in
the power loss for different optical fibers and connections, as the direct p-i-n
diode measurements (see [46]) showed very little spread.
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Figure 4.5: Response of the p-i-n diodes in the opto-harnesses of SCT end-cap A.

4.2.2 Power output of the VCSELs

In a real module the VCSELs are switched on and off by the driver current
from the VDC chip on the modules. Since the opto-harness test was done
before module placements, dummy hybrids were used that connect lines of
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the power tape on the disk via a 2 kΩ resistance to the VCSEL power lines
in the opto-plugin. This allowed each VCSEL to be powered individually by
powering one of the two VCSEL power lines. In the test a current of 10 mA
was applied on each VCSEL and the light output power was measured using
an large array photo-diode.

Results of the measurement for all 1976 VCSELs in the opto-plugins of SCT
end-cap A are shown in figure 4.6. The figure shows an average VCSEL power
output of ≈ 1200 µW. The spread in the power output is due to the spread in
power from the VCSELs as well as the spread of the coupling efficiency into
the fibers, and was observed in previous tests of the optical links [40].

Figure 4.6 shows one entry for which the power output is 0 µW. This is a
VCSEL that had developed a defect6 during placement of the services of the
disks.
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Figure 4.6: Power output of VCSELs in the opto-harnesses of SCT end-cap A.

4.3 Optical links performance of ATLAS SCT

end-cap A

The final tests for the optical communication system is to test if the electronics
on the SCT modules are capable of correctly interpreting the received optical
signals, and that the optical signals returned by the module can be decoded
by the data acquisition system.

6The data for the affected module can be read-out via its second link, so no
readout channels were lost for this defect.
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The SCT end-cap was built in successive stages, with each stage adding
more components to the optical system and often blocking access to compo-
nents placed in the earlier stages. Therefore, the performance of the optical
links for sending and receiving streams of data had to be tested in every major
construction stage, as each new fiber connection could potentially result in
problems for the module read-out.
The main test stages are:

� Modules-to-disk : After placement of the modules on the disk, the optical
read-out of all modules on the disk was tested using the on-disk services.

� Disk-to-cylinder : After placement of each disk in the cylinder, the optical
system was re-tested, this time also using the on-cylinder services.

� CERN reception test : After arrival of the SCT end-cap at CERN the
optical system was re-tested in case problems developed during the han-
dling and transport of the detector.

� Final commissioning : After placing the SCT end-cap in its designated
position in the ATLAS cavern, the SCT end-cap was tested with its final
services, including the ∼80 m long fiber cables.

The next sections describe how the optimum configuration settings for the
optical links were determined at each test stage.

4.3.1 Optical calibration settings

The read-out of the modules is facilitated by the SctRodDaq software applica-
tion that is designed to provide an interface between the off-detector readout
hardware and the data acquisition system [47] within ATLAS. The software
has been designed to send the configurations to the modules and to collect the
returning data. The software also provides several calibration scans designed
to find the optimum optical settings for the module.

Stable communication requires that the optical clock-and-command signal
induces sufficient current on the p-i-n diode at the module, and that the optical
signal received from each of the two VCSELs of the SCT module is interpreted
correctly. In order to optimize the communication for each module, the DAQ-
software can adjust three settings:

� Laser current (clock-and-command): The value of the laser current for
the VCSEL arrays on the DAQ-side can be adjusted to optimize the
optical power used for the clock-and-command signals. The laser current
can be adjusted in 256 steps, in a range between 1 to 18 µA.

� Delay time (data) The delay time of data signal determines when to
discriminate the received signal. The delay time can be adjusted in 25
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steps of 1ns each. It is used to set the sampling point for the received
optical signal as far away from the clock-edge as possible.

� Threshold current (data) The value of the threshold current determines
where to discriminate the current induced by the data signal on the p-i-n
diode arrays on the DAQ-side. The threshold current can be adjusted in
256 steps in a range between 0 to 255 µA.

The optical settings for all modules typically had to be optimized at the
start of every test stage, as it implied using different fiber lengths and new con-
nections. Once the right optical settings are found, each module can be con-
figured by sending the configuration data to the module. Apart from changing
the DAQ-related settings, optimizing the optical communication sometimes re-
quired adjustment of the bias voltage applied to the VCSELs, as is explained
in the later sections.

4.3.2 Clock-and-command links

The clock-and-command links represent the optical fibers and opto-electronics
that send clock-and-command data to the module. In order for the clock-and-
command links to function correctly, the p-i-n diode at the module needs to
produce sufficient current to allow the module electronics to decode the diode
output signal. The settings that can be optimized to achieve this are the
current settings of the VCSEL on the DAQ-side and the bias voltage of the
p-i-n diode at the module.

The p-i-n diodes were designed to be operated with a bias voltage of 6 Volt.
The responsitivity of the p-i-n diode is nearly constant for values of the bias
voltage above 4 Volt [46] so the default value of the bias voltage almost never
had to be changed to optimize the performance of the clock-and-command
links.

The required power output of the VCSEL on the DAQ-side depends on the
light losses along the optical fiber path and the sensitivity of the p-i-n diode
on the detector-side. The power output is determined by the configuration of
the laser current.

Optimizing the laser current

The optimum laser current for driving the VCSELs on the DAQ-side was de-
termined for all modules in the different test stages in order to establish stable
communication with the SCT module. When the optical power received at
the p-i-n diode is too high, too much current is induced which effectively sat-
urates the diode so the signal can not be discriminated any longer. When the
intensity of the light is too low, the current produced by the p-i-n diode is not
sufficient to drive the DORIC chip that interprets the signals.
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For each module there is a range of values of the laser current for which the
module correctly interprets its clock-and-command data, allowing the module
to be configured. When the module is correctly configured, it returns a fixed
data bit-stream, which can be used as an indication that the correct setting
has been found.

The optimum value of the laser current is determined using a scan in the
DAQ-software that monitors the data returned by the module at different
settings of the laser current. The scan results in two histograms per module,
which correspond to the two data links of each module. Figure 4.7 shows an
example of the current scan result of one data link. The histogram is a 2D-
projection of a 3D histogram, with on the x-axis the time (in bins of 25 ns) and
on the y-axis the laser current. The shade of gray in the histogram represents
the fraction of triggers interpreted as ‘1’. For example when all triggers return
1 a dark gray entry is added to the histogram and for all triggers returning 0 a
white entry. In the example in figure 4.7, the module was correctly configured
at laser current setting of f ≈ ‘110’ (6.5 mA) and above, as the fixed data
bit-stream becomes clearly visible above this value.

Figure 4.7: Example of a graphical display showing a typical current scan result
from one data link of a SCT end-cap module.

For most modules it has been found that the laser current is optimized at
a default setting of “160”, corresponding to a current value of ≈ 10 mA.

4.3.3 Data links

The data links represent the optical fibers and opto-electronics that send the
data from the module as binary output signal to the data acquisition system.
In order for the data links to function correctly, the light sent from the VCSELs
at the detector-side needs to induce sufficient current when arriving at the p-
i-n diode at the DAQ-side. The p-i-n diodes that receive the optical data
signal from the modules use two main settings in the software: the delay
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time determines the time when the signal is discriminated and the threshold
current discriminates the signal at the DAQ-side. The optimum values for the
threshold current and the delay-time were determined using the techniques
explained in the next sections.

The light output from the VCSELs on the modules can be tuned by chang-
ing the VCSEL bias voltage on the module power supply line. The default
value for the VCSEL voltage is 4.5 V but some data links required a deviation
from this value based on the result of the threshold current scan.

Optimizing the threshold current

The photo-diodes at the DAQ-side measure the light returned by the VCSELs
at the modules, and interpret the data as 0’s or 1’s depending on the induced
current being below or above the setting of the threshold current. Each of the
two data links for every module has a setting for the threshold current.

The induced current in the p-i-n diode has a slow fall-off behavior, so that
a small amount of current remains present in the photo-diode several time-bins
after light was received. The threshold current should be configured such that
it is well above the fall-off current and well below the maximum current that
is induced by the incoming light.

The optimum threshold current can be determined by measuring the trigger
occupancy over the range of settings for the threshold current. During this scan
the chips are set to return the data of their configuration register, which results
in a fixed pattern of optical 0’s and 1’s. Figure 4.8 shows a typical example of
the output of such an threshold scan, indicating the minimum and maximum
current setting, between which the data stream is interpreted correctly. The
figure shows that for an threshold setting below the indicated minimum, the
signal is sometimes interpreted as ‘1’ when it should be ‘0’, which is caused by
the slow fall-off of the p-i-n diode signal. In order to prevent misinterpreting
the optical signals the optimum value for the threshold should be set above
this ’noise’ and below the maximum threshold setting.

The light-output of the VCSEL can vary slightly over time, so the optimum
threshold for which the module works reliably needs to have a sufficient margin
from the minimum and maximum threshold values. The optimum setting is
defined at 70% between the minimum and maximum threshold, as this proved
to be a reliable setting for most modules.

The threshold scans were used to find a variety of problems on the optical
return lines as is discussed in detail in section 4.3.4.

Optimizing the discrimination time

The delay time determines the time at which the light received by the p-i-n
diode on the DAQ-side is discriminated. The delay time should be chosen such
that the sampling-point is set far away from the clock-edge. The clock-edge
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Figure 4.8: Example of the graphical display showing the threshold scan results
for one data link of an SCT module, with indications to the minimum, maximum
and best threshold setting.

Figure 4.9: Example of the graphical display showing the delay time scan result
of one data link.

corresponds to the transition between the optical 0 and 1, and sampling the
signal at or around this transition results in bit-errors.

The optimum setting for the delay time depends on the length of the fibers,
and as a result is different between different modules and in the different test
stages. The best setting for the delay time is determined by changing the
value of the delay time between 0 and 24 ns in steps of 1 ns, and measuring
the trigger occupancy over time. During this test the module chips are set to
return a data signal corresponding to the clock signal divided by two, while
the read-out system is set to sample at half frequency. This is done so that
depending on the setting of delay time the fraction of measured triggers is
either 0 or 1.
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An example of the result of the delay test is illustrated in figure 4.9, which
also gives an indication to the delay time where the transition between 0’s and
1’s takes place. The delay time corresponding to this transition point indicates
the clock edge, where the light pattern is most likely to be misinterpreted. The
optimum value of the delay time is chosen as far away from the clock-edge
as possible, so the delay time is defined at 12.5 ns from the measured clock
transition point.

Interdependency of the threshold and delay settings

Experience from assembly tests done for the entire SCT, barrel and end-caps,
showed that the optimum threshold value depends on the chosen setting for the
delay time (and vice versa). In order to optimize both settings simultaneously,
a two-dimensional test was developed. In this test the trigger occupancy is
measured while varying both the threshold current and the delay time setting
in a single scan.
An example of the result of this test is given in figure 4.10. The trigger oc-
cupancy indicated by the gray-scale now corresponds to the average trigger
occupancy, which is equal to 0.5 when the correct data pattern is interpreted.

Using the result of the 2-dimension scan, the clock edge can be determined
from the delay value with the lowest maximum threshold (at 2 ns in figure
4.10). As before, the optimum delay value is chosen to be 12.5 ns after the
clock edge. The minimum and maximum threshold values that correspond to
a trigger occupancy of 0.5 are determined at the optimum delay value, and as
before the optimum threshold is at 70% between this minimum and maximum.

Figure 4.10: Example of the graphical display showing the average trigger occu-
pancy (gray-scale) as a function of the delay setting and the threshold current for
one optical link.
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The two-dimensional scan was particularly useful for testing the optical
links when no module cooling was available; the scan can find the optimized
settings within ∼ 7 seconds after powering the modules, allowing the modules
to be powered off before overheating. Particular problems in the optical return
signal, such as “slow turn-on” discussed in the next section, can not be found
with the two-dimensional scan, so that threshold scan remained a necessary
tool for finding all problems with the data links.

4.3.4 Optical problems summary

A variety of optical problems was found while testing the optical communi-
cation of SCT end-cap A. One module has no p-i-n diode response and is
permanently configured to receive its clock-and-command data via the neigh-
boring module. Another 12 modules have so-called ‘dead’ VCSELs (when light
from one of the data links does not arrive at the DAQ-side) and can only return
the data using the other of the two data links.

Some data link were found to be ‘problematic’, which meant that the links
were found to work in principle, but would from time to time result in bit-
errors in the optical communication. The problematic links were found to be
a result of the fluctuating power output of the VCSELs over time. In partic-
ular, some data links were found to have only a small range of values for the
threshold current available for which a correct data pattern was returned in
the threshold test. These data links have an increased chance of creating a
bit-error during fluctuations of the light output.
The main problems that lead to a data link becoming “problematic” are iden-
tified as:

� Slow turn-on: the light output of the module increases over time, re-
sulting in a decreased margin of the threshold range usable of over the
entire time period. See figure 4.11 for an example.

� Low light : the current induced on the receiving diode-arrays at the BOC
is relatively low, reducing the maximum threshold setting for which the
signals can be correctly discriminated. See figure 4.12 for an example.

� High noise: the light-output from the data link is very high so that
the slow fall-off behavior of the diode-arrays dominates even at high
thresholds. See figure 4.13 for an example.

Note that not all ‘problematic’ links are unusable, but using these links in
calibration or physics runs would increase the chance for problems to occur
while interpreting the optical return signals.

Sometimes a problematic link could be made to work again by varying the
values of VCSEL bias voltage between 4.0 and 6.0 V (default is 4.5V) in order
to increase or decrease the light output of the VCSELs. However, there is only
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Figure 4.11: Example of a problematic data link with slow turn-on.

Figure 4.12: Example of a problematic data link with low light.

Figure 4.13: Example of a problematic data link with high noise.
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one setting of bias voltage available for the two VCSELs connected to each
module. This means that altering the VCSEL voltage to save one data link
might cause problems for the second link. Figure 4.14 shows an example how
the threshold scans for two data links of one module are affected using three
different values of VV CSEL. In this example increasing the voltage made the
second data link usable, while making the first link slightly ‘noisy’. A reference

Figure 4.14: Example of the resulting threshold scans for one module at three
different values of VV CSEL, with link0 on the left and link1 on the right hand side.

table for all optical problems found in SCT end-cap A is given in appendix A.

During the first optical tests of disk 1A, a large number of optical problems
was found. As a consequence, two optical harnesses, corresponding to a total of
9 SCT modules, were replaced on disk 1A which reduced the number of optical
problems. However, not all optical problems could be solved by replacing
optical harnesses due to the limited number of available spare harnesses and
the possible danger of removing modules and services on the disk in order to
reach the optical harness. Instead, the remaining problems are circumvented
by using the redundancy of the system. In the end no read-out channels were
lost due to optical communication problems.
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4.4 Conclusion

The tests of the performance of the optical communication system of ATLAS
SCT end-cap A have shown that communication can be established with all
988 SCT end-cap modules. Most modules have both data links functioning
properly. This means that in the case of future problems the redundancy of
the system can still be utilized. A total of 12 modules have only one of their
two data links working. The data for these modules can be retrieved by the
remaining link, so that no channels are lost as a result. One module had
a problem with the on-detector p-i-n diode but it can still be configured by
receiving its clock-and-command signals via a neighboring module.

A concern for future data-taking is the instability of the optical communica-
tion for a few modules with ‘problematic’ data links. The optical performance
tests show that problematic data links have a smaller range of workable set-
tings available, which sometimes leads to bit-errors during fluctuations of the
light output. These links can function, but they need frequent maintenance to
re-optimize their settings over time.
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