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We present two photonic integrated circuits for application as a front-end data read-out
unit. The PICs have been designed and fabricated in a generic, InP-based technology.
The circuits make use of WDM scheme to read-out the digital data in parallel with a sam-
pling frequency of 1 GHz in each channel. The PICs are built with AWGs as wavelength
(de-)multiplexers, electro-optical amplitude modulators (using phase shifter sections in
interferometer configuration) and SOAs for loss compensation. In this work we present
the design and the measurement results of the fabricated devices. Two solutions of the
circuits, in reflecting and transmitting configuration, are discussed.

Introduction
An electro-optical data read-out system is an essential part of contemporary and future
sensor networks, which generate remotely huge amount of digital data or analog sig-
nals. Typically such a system comprises a central station and the front-end read-out units.
The connection between them is made utilizing a fiber-optic network. This scheme has
been already used several times in experiments of neutrino telescopes - ANTARES [1],
NEMO [2], NESTOR [3], and a similar one is going to be applied in KM3NeT [4]. The
task of all above mentioned detectors is to trace the neutrinos by means of detection of
Cherenkov radiation by a large number of photomultiplier tubes (PMTs). The PMTs are
housed in optical modules and deployed under the sea. The generated signal is a series of
digital ones and zeros, indicating that a single PMT is either in ”on” or ”off” state.
However, so far the front-end read-out functionality has been performed only by elec-
tronic devices. They digitized the analog output signal of the PMTs and prepared the
transmission using a specific protocol (typically optical Ethernet). The electronics is driv-
ing the optical elements (lasers, modulators, receivers) and the signal is broadcast through
a fiber link. In our previous works we reported a photonic solution for data read-out units
[5, 6]. It is a monolithically integrated optical pulse serializer (making use of time divi-
sion multiplexing technique). The read-out performance is done by an optical sampling
signal, onto which the information from the PMTs is encoded using the electro-optical
amplitude modulators.
In this work we present a different kind of a photonic read-out unit, utilizing parallel
read-out scheme by means of WDM (wavelength division multiplexed) signals. It has
been designed according to the KM3NeT requirements, but its architecture is sufficiently
general to apply it in different experiments as well. The parallel optical read-out is advan-
tageous in terms of operational speed as the data from a single PMT can be read-out with
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Figure 1: Schematics and photographs of the WDM reflecting (left) and transmitting (right) circuits.

a very high frequency. Furthermore, the power consumption can be significantly reduced,
as much less electronics functionality has to be assembled inside an optical module. In
this work we report a transmission of a 12.5 Gb/s signal, what results in an extremely
high read-out resolution of 80 ps. Simultaneously, the photonic circuit consumes very
little power, less than 0.4 W.

Chip design and fabrication
The devices are designed and fabricated in a generic integration technology [7], which has
been being developed in the framework of EU FP7 projects EuroPIC and PARADIGM
(the JePPIX platform [8]). We make of use of a standard fabrication process. The build-
ing blocks used are (1) deeply and shallowly etched waveguides; (2) electro-optical phase
modulators (PHMs) making use of the quantum confined Stark effect; (3) semiconductor
optical amplifiers (InGaAsP compound for light amplification in the third telecom win-
dow). With these blocks we designed more complicated components, such as 1×2 MMI
power splitters/combiners, MMI reflectors and arrayed waveguide gratings (AWGs). The
design process is supported by the dedicated kits, consisting of component simulators
(mode solvers, field propagation) and full circuit simulators as well as a module for mak-
ing the mask layout [9].
Each KM3NeT optical module contains 31 PMTs, and as a proof-of-concept we designed
8-channel photonic circuits. The schematic of the chips is shown in Figures 1a and 1b,
for reflecting and transmitting configurations, respectively. The sampling signal in each
WDM channel is an optical pulse train (carrier) with a repetition rate of 1 GHz. The chan-
nels are demultiplexed by the input AWG, with a channel spacing of 3.2 nm (400 GHz)
and a free spectral range of 25.6 nm, centered around 1550 nm. The carrier is then mod-
ulated by the output voltage of the PMTs by using electro-optical amplitude modulators
either in Michelson (reflecting) or Mach-Zehnder (transmitting) interferometer configu-
ration. The Michelson modulators are built with a 1× 2 MMI power splitter and two
500-µm-long phase shifter sections and MMI-based reflectors [10]. The Mach-Zehnder
modulators have two 1-mm-long phase-shifter sections and an output 1× 2 MMI power
combiner. For both configurations the design value of Vπ is 3.3 V. For the reflecting con-
figuration the signal is sent back and is multiplexed by the same AWG and the input is
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separated from the output by a 1× 2 MMI power splitter. In the transmitting circuit the
outgoing signals pass through an additional AWG. The 500-µm-long SOA section can
provide up to 13 dB gain for compensation of the losses and attenuation in the wave-
guides. After fabrication the chips were anti-reflection (AR) coated. Figure 1 also shows
photographs of the fabricated circuits, with dimensions 3.2×1.8 mm2 and 6.0×2.0 mm2.

Measurement results
For the measurements, we used laser diode light sources, tuned from 1497 nm to 1577 nm.
A polarization controller, a polarizing beam splitter and a polarization-maintaining lensed
fiber were used to excite only the fundamental TE mode in the circuit. We used probes for
electrical connection to the circuit electrodes. The components such as SOAs and PHMs
were controlled by current and voltage sources/meters. The outgoing signal was analyzed
with a power meter.
Figure 2 shows the transmission of the AWG of the reflecting circuit. The measurement
was performed to indicate the exact position of the wavelength channels. The channel
spacing is close to the designed value of 3.2 nm, however, the central wavelength is red-
shifted by 9.5 nm. The crosstalk is better than 18 dB. For the AWG in the transmitting
circuits we observed higher crosstalk, reaching 10 dB for the worst case.
Figure 2 shows the static transmission characteristic of the modulators, while sweeping
the reverse bias for one of the electrodes. The maximum measured ER reached 34 dB.
The measured values of the Vπ are between 2.5 V and 4.5 V.
Typically, both for Michelson and Mach-Zehnder configuration the extinction ratio is
between 10 dB and 20 dB. However, for most of the components it can be improved by
biasing the other arm with a proper voltage. Figure 2 presents such an improvement from
10 dB to 26 dB, when the second arm is biased with 0.5 V.
For RF measurements the chip was mounted on a ceramic submount (photograph shown
in Figure 3) and the circuit components were wire-bonded to ceramic blocks with gold
electrodes. The RF connections were in ground-signal-ground (G-S-G) configuration
with a parallel 50 W resistor. The SOA was biased with 80 mA. Figure 3 shows the
recorded eye-diagrams when the CW power at 1551.2 nm was coupled to the circuit and
the modulator (CH7) was driven by a PRBS generator with a NRZ 10 Gb/s and 12.5 Gb/s
signals (Vp p = 2.5 V, DC bias point −2.85 V). The measured values of dynamic ER were
10.7 dB and 12.7 dB, respectively.

Figure 2: Measured transmission characteristics of the AWG (left) and modulators (right).
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Figure 3: WDM reflecting chip on the RF submount and the eye diagrams for 10 Gb/s and 12.5 Gb/s signals.

Summary and conclusion
We demonstrated photonic integrated circuits for application as a front-end read-out unit.
The static measurements showed very good transmission characteristics of the AWG
(crosstalk better 18 dB) and the modulators (extinction ratio up to 34 dB). The RF char-
acterization showed very good performance of the circuit under dynamic conditions. We
observed wide-open eye diagrams while driving the modulators with a 12.5 Gb/s signal,
what corresponds to the time resolution of 80 ps. The dynamic ER = 12.7 dB can be
further improved using a PRBS generator with a higher peak-to-peak voltage (our equip-
ment had a limit of 2.5 V). The power consumption, while biasing two SOAs with 80 mA
is smaller than 0.4 W. Altogether, presented here WDM read-out scheme can be a good
alternative both to the electrical and OTDM read-out solutions.
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228839 EuroPIC. We acknowledge the software support and licenses from PheoniX Soft-
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III-V Lab (Marcoussis, France) and we would like to acknowledge the help and support
of Christophe Kazmierski and Jean-Guy Provost.
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