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a b s t r a c t

The dual channel Miniature optical Transmitter (MTx) is developed for the ATLAS Phase-I upgrade re-
quiring durable performance in the Large Hadron Collider environment. The data transmission has
achieved 8 Gbps per channel with a custom-designed LOCld laser driver and 850 nm VCSELs packaged in
transmitter optical sub-assemblies (TOSAs). The performance of the MTx opto-electronics is evaluated.
Accelerated aging tests of the VCSELs were conducted in a chamber at 85 °C, 85% relative humidity, with
TOSA and bare-die samples prepared in non-hermetic condition. Radiation tolerance of the VCSELs was
investigated with 30 MeV and 70 MeV protons. The radiation induced effects in data transmission were
investigated for light-power degradation and parameters of eye-diagrams.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

High speed optical transceivers are developed for readout of
experiments at the Large Hadron Collider (LHC). Recent programs
include a compact multi-channel transmitter designed for a new
layer of the ATLAS pixel detector [1]. The Versatile Link project [2]
provides several types of small form factor transceivers for Phase-I
upgrades of LHC experiments in 2018. These modules are designed
using radiation tolerant components in low-mass packaging.

The LHC in Phase-I will provide higher instantaneous lumin-
osity of up to ×3 10 /cm s34 2 . The ATLAS upgrade is motivated to
maintain an optimal trigger system by reduction of backgrounds
and fakes [3]. In the following we discuss the dual channel Min-
iature optical Transmitter (MTx) [4] developed for the trigger
electronics of the Liquid Argon (LAr) calorimeter [5] and the Muon
New Small Wheel (NSW) spectrometer [6]. The MTx modules to be
implemented in the LAr are required to withstand a total ionizing
dose1 of 0.3 kGy and a fluence of non-ionizing energy loss (NIEL)
25 for TID and 2.0 for NIEL.
of × ( )1 10 1 MeV n/cm13 2, for operation projected to an integrated
luminosity of 3000 fb�1. The NSW will employ FPGA-based router
boards [8] to select and transmit data of triggered detector mod-
ules. The MTx's on the router boards will be installed on the de-
tector outer rims, where the radiation field is an order of magni-
tude lower than in the calorimeter volume.

The MTx assembly being developed with a custom-designed
LOCld laser driver capable of 8 Gbps per channel is described in
Section 2. The type of laser diode chosen is the 850 nm Vertical-
Cavity Surface-Emitting Laser (VCSEL) with light transmission
through multi-mode fibers. Commercial VCSELs in bare-die and
TOSA2 package are evaluated for non-hermetic applications and
radiation tolerance. Accelerated aging tests conducted in a control
chamber at 85 °C, 85% relative humidity (RH) are discussed in
Section 3. NIEL damages to VCSELs have been investigated with
30 MeV protons at INER [9] and 70 MeV protons at CYRIC [10]. In
Section 4 we discuss the annealing of irradiated VCSELs, the light
degradation as functions of proton fluences, and the eye-diagrams
2 Transmitter Optical Sub-Assembly (TOSA), Lucent Connector (LC) packaged.
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Fig. 1. Schematics of the optical links in the ATLAS Phase-I upgrade of LAr and NSW trigger electronics.
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examined for 10 Gbps data transmission. A short summary is given
in Section 5.
Fig. 2. A prototype MTx transmitter is shown. It has a custom developed LOCld2
driver (in QFN-40 package) and two TOSAs in a latch joined by a clip to LC-type
ferrules on fiber ends.
2. The MTx optical transmitter

The dual channel MTx is developed for applications in the AT-
LAS trigger data links, as illustrated in Fig. 1. The digitized detector
signals are formatted by the custom-made serializer ASICs and are
transmitted by the MTx modules. The NSW trigger bandwidth is
optimized with router boards to select detector modules flagged
for readout. The distance of data transfer from the on-detector
MTx to the trigger processor is about hundred meters. For such a
distance, the type of 850 nm oxide VCSELs is a good choice for
being power-efficient and cost-effective.

The miniature form factor of the MTx is designed to fit in the
limited enclosure for front-end electronics of the LAr calorimeter.
The height of the MTx is specified to 6 mm maximum. A prototype
module is shown in Fig. 2. The module has two 10 Gbps VCSELs
packaged in TOSA format. The TOSAs are held in a latch, and are
joined by a removable clip to ferrules mounted on the ends of
multi-mode fibers. The TOSA packaging provides hermetically-
sealed protection and precision alignment of light coupling to fiber
in LC-type connector.

The laser driver of the MTx, called LOCld, is a custom-designed
ASIC to convert electrical signals to laser current. It is fabricated by
the 0.25 μm Silicon-on-Sapphire (SoS) CMOS technology, which is
known for durable performance in radiation field. The prototypes
were fabricated in single (LOCld1) and dual channels (LOCld2). The
two separate channels in LOCld2 share auxiliary circuits for I2C
interface.

The speed of LOCld has achieved 8 Gbps in operation. A typical
eye diagram of the MTx is shown in Fig. 3. The electrical inputs to
the modules were transmitted from a pattern generator to provide
200 mV differential signals in a 27–1 pseudo-random bit sequence
(PRBS), which repeated every 127 bits. The optical outputs were
measured by a sampling oscilloscope.

The tolerance of the LOCld to ionizing dose was investigated by
exposure to a X-ray source. The performance examined indicates
no degradation in operation. The single event effects in radiation
field were tested in neutron beams [11]. The bit-error-rate at
5 Gbps was less than × −1 10 12 at the 95% confidence level. The
results meet the ATLAS specification for applications in the Phase-I
upgrade.
3 Ea¼0.35 eV is given in Telcordia GR-468-Core [13]. Ea¼0.7 eV or higher are
suggested by manufacturers.
3. VCSEL reliability

The 850 nm GaAs-base oxide VCSELs contain typically a few
quantum wells sandwiched between two multilayer mirrors of a
total thickness of about 10 μm. The aperture of 10 Gpbs VCSEL is
fabricated smaller to gain speed performance, and is considered
more vulnerable to environmental factors. Although the newly
developed VCSELs are demonstrated to be reliable for non-her-
metic applications, catastrophic defects may occur due to elec-
trostatic discharge events (ESD) or accidental power surge in
handling.

Evaluation of 10 Gbps VCSELs of several manufacturers were
conducted for the MTx use case in accelerated aging tests. The
VCSEL samples were placed in an environmental chamber with the
temperature kept at 85 °C and the relative humidity at 85%. The
acceleration factor is given by the Arrhenius equation for ther-
mally activated wear-out effects, and an empirically-determined
exponential function for humidity induced corrosion [12]:

= (( )( − ))· ( ( − ))− −A E k T T A RH RHexp / exp ,a b use acc RH acc use
1 1

where Ea¼0.70 eV is the activation energy,3 and kb is the Boltz-
mann constant. The coefficient of relative humidity,

= −A 0.058%RH
1, is suggested in [12]. The acceleration factor to

operation at 30 °C and 50% RH is =A 466.
The VCSELs in aging tests were prepared in bare-die and TOSA

formats at constant bias condition. Measurements were conducted
after the VCSELs being cooled to room temperature. The light-
power was measured by a large-area Ge photo-detector aligned in
a jig on top of bare-die samples, or the end-face of a 12-fiber MT
ferrule of fan-out fibers connecting TOSA samples. The photo-de-
tector current was measured and calibrated by a light-power
meter.

The aging tests had included VCSELs of types vulnerable to
humidity, which lasted only a few hundred hours to failure. The
TOSA samples, for being hermetically sealed, are good reference to
demonstrate reliability in aging tests. The scan of light power
versus laser current (L–I) was conducted by a PC-interface board to
provide bias voltage and current. The L–I distributions of three
types of TOSAs taken during burn-in are plotted in Fig. 4.

The type of bare-die VCSELs of the 10 Gbps TOSAs been tested
were also investigated in the burn-in with the bias conditions of
constant current (5 mA/ch) or voltage (2 V). The light-power mea-
surements are plotted in Fig. 5, which are consistent over a period
of 1500 h. The scaling of the acceleration factor suggests that the
reliability is more than 10 years in room temperature operation.



Fig. 3. Eye-diagram of a prototype MTx driven at 8 Gbps. The TOSA bias and modulation currents were set to 6.4 mA and 6 mA, respectively.
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Fig. 4. The light-power distributions of three types of TOSAs (Truelight TTR-1F45 of
4.25 Gbps and TTR-1F58, TTR-1F59 of 10 Gbps) recorded before and during the
85 °C, 85% RH burn-in. The measurements were conducted in room temperature.
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Fig. 5. The light power of bare-die VCSELs (Truelight TSD-8B12-751) measured
during the 85 °C, 85% RH burn-in at bias conditions of constant current (5 mA/ch)
or voltage (2 V). The measurements were conducted in room temperature.
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4. Radiation tolerance of VCSELs

The radiation damages to VCSELs are observed for degradation
of light-power with increasing threshold current. The damages can
be partially annealed by charge injection in forward bias condition.
The NIEL effects to VCSELs have been studied with 30 MeV protons
at INER and 70 MeV protons at CYRIC. The beam fluxes were
measured with a Faraday cup for beam currents and a two-di-
mensional gas chamber for beam profiles. The proton beams were
delivered in Gaussian profiles with the RMS widths of a few mil-
limeters, and the flux rates at the Gaussian centers of about
×2 10 p/cm s10 2 and ×2 10 p/cm s11 2 for 30 MeV and 70 MeV
protons, respectively.

The test samples of bare-die VCSELs and TOSAs were prepared
on circuit boards with the light emitting surface perpendicular to
the beams and were irradiated passively channel by channel, each
to the desired fluence. The annealing was then conducted with the
VCSELs biased at the nominal forward current (6 mA).

The recovery of a 10 Gbps VCSEL in annealing is illustrated in
Fig. 6 for the L–Imeasurements taken periodically. This sample had
received a total fluence of ×4.2 1014 (70 MeV) p/cm2, which is
equivalent to ×2.8 1015 (1 MeV) n/cm2 by scaling of the NIEL
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Fig. 6. The light-power distributions of a VCSEL (10 Gbps TSD-8B12-751) measured
in annealing after a fluence of ×4.2 1014 (70 MeV) p/cm2. The annealing time ac-
cumulated in a forward bias of 6 mA is indicated for each L–I scan. The distribution
taken prior to irradiation (F¼0) is also plotted as reference.
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Fig. 7. The bare-die VCSELs (10 Gbps TSD-8B12-751) in annealing are plotted for
(a) the threshold currents, and (b) the normalized light-power degradations at
6 mA. The distributions include four typical channels irradiated with the fluences of
70 MeV protons as indicated. A reference channel is also plotted to monitor fluc-
tuations of systematic effects. Each data point is extracted from a linear fit to the
corresponding L–I scan.
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Fig. 8. The normalized VCSEL light power (after annealing) as functions of fluences
in irradiation with (a) 30 MeV and (b) 70 MeV protons. The test samples include
10 Gbps VCSELs in bare-die and TOSA formats (Truelight TSD-8B12-751 and TTR-
1F59 TOSA), and an earlier type (Truelight 2.5 Gbps TSA-8B12) reported in 2009
studies [17].

Table 1
Eye-diagrams of TOSA samples were examined on a 10 Gbps SFPþ test bench
applying the same bias (6 mA) and modulation (8 mA) currents. The parameters
obtained are listed for a reference channel and two of the irradiated with 30 MeV
protons. The accumulated fluences are listed.

Fluence 1013 (p/cm2) 0 (ref) 1.1 4.1

Optical power (dBm) �0.11 �0.21 �0.61
Extinction ratio (dB) 4.6 4.81 4.92
Crossing (%) 47.9 46.6 46.0
Jitter peak-peak (mV) 17.5 15.5 18.7
Jitter RMS (mV) 2.47 2.35 2.92
Mask margin (%) 34 37 23
Rise time (pS) 37.5 37.5 36.4
Fall time (pS) 44.1 43.6 44.5
Op. Modu. Amp. (dBm) �3.11 �3.08 �3.31
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factors.4 A linear fit was applied to each L–I scan to extrapolate the
threshold current. The threshold current had increased to 9 mA
4 The NIEL factors (keV cm2/g) of GaAs: 0.55 for 1 MeV neutron, and 4.03, 3.64
for 30, 70 MeV protons, respectively [14].



Fig. 9. Eye-diagram of an irradiated TOSA to a fluence of ×4.4 1013 (30 MeV) p/cm2. It was measured by a 10 Gbps SFPþ setup with the TOSA bias and modulation currents
configured to 6 mA and 8 mA, respectively.
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initially after irradiation. The quick recovery in annealing is ob-
served with the threshold current reduced to less than 3 mA in a
few minutes. The recovery is saturated after about a day, and the
light power degradation at the nominal operation current is about
30% less than the value prior to irradiation (of F¼0).

The recovery in annealing is approximately an exponential
function in time. It is shown in Fig. 7 for the changes in threshold
currents and the normalized light power at constant bias of 6 mA.
The distributions are plotted for the VCSELs irradiated to various
fluences, and a reference channel for monitoring fluctuations
caused by deviations in room temperature and light coupling
condition.

The NIEL effects in VCSELs are approximately linear to the
fluence. It is shown in Fig. 8 for the light degradation of samples
irradiated with 30 MeV and 70 MeV protons. The fractional loss
per unit fluence is more severe with 30 MeV protons, by about 50%
than with 70 MeV protons. This is consistent with the reported
observations for GaAs devices [15], indicating that the damage
coefficient does not follow the NIEL calculations [16].

The light degradations of TOSA samples are slightly higher than
those of the bare-die VCSELs. It is partially due to the proton
collisions in the TOSA packaging materials. As the proton beams
were incident on the base of the TOSAs, secondary interactions
caused more damages.

Measurements of previous studies for the first generation of
oxide VCSELs [17] are also plotted in Fig. 8 for comparison. The
10 Gbps oxide VCSELs have similar epitaxial-structure as those of
earlier products. The light degradations observed are compatible.
The radiation tolerance of the VCSELs is benefited by the thin
device structure. For applications in the ATLAS upgrade, with the
fluence of less than ×1 1014 (1 MeV) n/cm2, the light degradation
suggested by results of the proton beam tests would be less than
10%.

The light degradation in VCSELs is not expected to effect their
response characteristics. The 10 Gbps TOSA samples irradiated
with 30 MeV protons were examined on a 10 Gbps SFPþ test
bench with the TOSAs configured for the bias current of 6 mA and
the modulation of 8 mA. Parameters obtained are listed in Table 1.
The TOSAs have light power of around 600 μW and the eye-dia-
grams are compatible to those not irradiated. The eye-diagram of a
TOSA being irradiated to ×4.4 1013 (30 MeV) p/cm2 is shown in
Fig. 9.
5. Summary

The MTx optical transmitter is developed for the upgrade of the
ATLAS LAr calorimeter and the NSW Muon Spectrometer. The
miniature form factor of the module consists of a custom-devel-
oped LOCld laser driver, two 850 nm VCSELs packaged in TOSA
format, and a custom made latching device for fiber connection.
The LOCld is fabricated in SoS CMOS technology suitable for ap-
plications in radiation field. The TOSA package provides effective
light coupling mechanism to fibers. The 850 nm oxide VCSELs of
10 Gbps were evaluated in accelerated aging tests. The NIEL effects
were tested in proton beams. The light degradation corresponding



F.X. Chang et al. / Nuclear Instruments and Methods in Physics Research A 831 (2016) 349–354354
to a fluence of ×1 1014 (1 MeV) n/cm2 is expected to be less than
10%. The lower light power can be corrected by increasing the laser
modulation current. The MTx has the environmental tolerance
required for applications in the ATLAS Phase-I upgrade with the
data transmission of up to 8 Gbps.
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