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a b s t r a c t

We fabricated and experimentally tested a novel monolithically integrated Indium Phosphide optical
circuit for differential phase-shift keying demodulation, which is robust to noise degradations of the
received signal. The circuit consists of a one-bit-delay interferometer that demodulates the incoming
signal and a semiconductor optical amplifier where the constructive and destructive demodulated
outputs synchronously counter-propagate experiencing a reshaping effect. The novel optical circuit has
been fabricated for 40 Gb/s signals, and the amplitude signal restoration is demonstrated by comparing
the obtained output eye diagrams with those of a commercial fiber-based demodulator. We find a net
improvement in the signal to noise ratio when the circuit is fed with a noisy input signal.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Differential phase-shift keying (DPSK) is an alternative mod-
ulation format with potential advantages for optical communica-
tion systems in terms of sensitivity and robustness to nonlinear
impairments. Since the information is encoded in the optical
phase change between adjacent bits, the receiver requires a dif-
ferential demodulation in order to detect the phase information.
Aim of the DPSK demodulator is to compare the incoming signal
and its one-bit delayed copy, operation that is typically realized by
means of a delay interferometer, to whose output port the con-
secutive bits interfere constructively, resulting in high optical
power, or destructively, resulting in low optical power [1]. Com-
monly, DPSK demodulators exploit one-bit delay interferometers
and are realized with all-fiber structures or silica planar lightwave
circuits (PLCs). Other approaches use free space optics inter-
ferometers, hybrid Silicon on Insulator circuits or polymer PLCs
[2–6]. Here we introduce a novel Indium Phosphide (InP) mono-
lithically integrated demodulator for DPSK communication
systems, which provides DPSK demodulation and amplitude re-
storation on both the constructive and the destructive demodu-
lated outputs [7]. Even if not implemented in this first photonic
integrated circuit (PIC) sample, this scheme allows for the
.

monolithic integration of the demodulator with a balanced
photodetector.

The PIC has been fabricated exploiting JePPIX [8], the European
platform for the manufacturing of Indium Phosphide-based pho-
tonic integrated circuits. The platform pushes a generic integration
technology, where standardized building blocks and foundry
process are enforced, without technologies specifically developed
or optimized for a given application.
2. Device description and operation principle

As sketched in Fig. 1, the PIC consists of a first DPSK demodu-
lator stage made by an interferometer in which the incoming
signal bit interferes with the previous one after being delayed in
the one-bit delay loop, and a second regenerative stage realized by
means of a saturated SOA. Fig. 1a and Fig. 1b show the scheme of
the DPSK demodulator and a picture of the fabricated device.

A 2�2 Multi Mode Interference (MMI) coupler connects the
arms of the interferometer to the Input and Monitor ports of
the device. The optical delay line (ODL) provides a delay equal to
the bit period (25 ps), suitable for 40 Gb/s signals. The two outputs
of the demodulator, p1 and p2 (see Fig. 1), are connected through
equal-length paths to the SOA and to their corresponding Output
ports by means of two 2�1 MMIs. We remark that an integrated
configuration simplifies the polarization management within the
demodulator compared to bulk fiber-based implementations. The
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Fig. 1. Scheme of the DPSK demodulator (a); picture of the fabricated PIC (b).
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SOA is 500 mm-long and has a measured small signal gain of 10 dB
at a saturation current of around 70 mA. Proper tapers are used at
any transition between the high-contrast waveguides used for the
tightly curved sections of the circuit (corresponding to the thicker
lines in Fig. 1b) and the low-contrast waveguides (the thinner lines
in the picture). The effective refracting indices are in the order of
3.25 at 1550 nm wavelength for the shallow waveguides and of
3.19 for the deeply etched waveguides. In order to reduce optical
reflections, the waveguides at the input and at the output of the
chip are 7° angled with respect to the facets.

The working principle is as follows: the bit that enters the
device from the Input port is split by means of the first 2�2 MMI
coupler into two parts: half of the power enters the optical delay
line, while the other half goes straight through the upper wave-
guide. After being one-bit delayed, each bit in the loop enters a
second 2�2 MMI coupler, which combines the signals from the
two interferometer arms. If the interfering symbols present equal
phases, the output signal is maximized on the upper MMI output
port (p1 in Fig. 1) due to constructive interference and minimized
on the lower port (p2 in Fig. 1) due to destructive interference,
otherwise, in case of different phases, high power appears on p2,
and low power on p1. The two demodulated and logically inverted
signals, after crossing a 2�1 MMI, are guided through equal-
length paths to the opposite sides of the SOA where they counter-
propagate, sharing its saturated gain. In this way, since a logical
Fig. 2. Experimental set-up. Inset: eye diagrams of the inpu
“one” and a logical “zero” always propagate at the same time into
the SOA, signal level compression is obtained of both logical-one
and logical-zero levels, and, consequently, the two signals ex-
perience a reshaping effect [9,10]. The demodulated data streams
then cross the 2�1 MMI along their optical path and reach the
corresponding device output ports.
3. Experiment and results

The experimental setup is sketched in Fig. 2. We generated a
40 Gb/s DPSK signal at wavelength 1551.7 nm by modulating a
tunable continuous-wave laser with a Mach–Zehnder intensity
modulator driven by a 231-1 pseudorandom bit sequence. The
signal was combined with amplified spontaneous emission (ASE)
noise from an Erbium doped fiber amplifier (EDFA) source after
crossing a band pass filter (BPF) centered at the signal wavelength
and a variable optical attenuator. An EDFA, a BPF, and a polariza-
tion controller (PC) are utilized to properly set the optical power
and the polarization of the waveform before coupling it into the
PIC. The total optical power at the PIC input port was 10 dBm, and
the SOA driving current was around 100 mA. Tapered fibers were
used to couple light to and from the InP chip having around 4 dB
insertion losses per facet. Since each MMI introduces additional
1.5 dB of loss, and propagation loss is measured to be 3.0 dB/cm for
the low-contrast waveguides and 4.6 dB/cm for the high-contrast
waveguides resulting in around 1.5 dB of additional loss in the
delayed path and 0.5 dB in the direct path, we can estimate the
optical power at the SOA input to be around 1.5 dBm and 2.5 dBm
for the two decoded signals entering the SOA, respectively. Fig. 3a
shows the fiber-to-fiber input/output power characteristics mea-
sured on a test SOA on the same chip, showing the hard-limiting
behavior of the SOA when fed with an optical power higher than
4 dBm. The signal collected from the PIC passed a BPF after being
amplified by a further EDFA and was then detected by a sampling
oscilloscope with a 50 GHz optical head. Eye diagrams of the input
signals and of the constructive and destructive output signals are
reported as insets of Fig. 2 in the case without noise loading,
showing the effectiveness of the device. The spectra of the
modulated signal at the PIC input port, and of the demodulated
signal collected at output ports are also shown in Fig. 3b and c,
respectively.

As bit error rate measurements were not possible due to the
mechanical instability of the PIC fiber coupling, we analyzed the
eye diagrams of the 40 Gb/s DPSK signal demodulated with our
novel integrated InP demodulator comparing them with the ones
obtained using an all-fiber commercial DPSK demodulator. We
t and the demodulated signals without noise loading.



Fig. 3. Fiber-to-fiber. input/output power measured on a test SOA (a), spectrum of the modulated input signal (b) and overlapped spectra of the demodulated output
signals (c).

Fig. 4. Eye diagrams of the demodulated signals: comparison between the InP demodulator and an all-fiber. demodulator, without noise loading (upper line) and for a noisy
input signal (lower line), both on constructive (a) and destructive (b) outputs, on a time scale of 5 ps/div and OSNR measured on 0.1 nm.
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characterized the signals using the signal-to-noise ratio (SNR)
function of the sampling oscilloscope, which provides an estima-
tion of the Q-factor of the signal. Results are reported in Fig. 4.
Both the devices show a very similar behavior in terms of SNRs
and eye diagrams when the input signal is not noise loaded (see
Fig. 4, upper line, corresponding to OSNR¼30 dB measured on
0.1 nm). In particular, the measured SNR value is the same for the
destructive outputs (SNR¼6.7), while is slightly worse for the InP
device on the constructive output (SNR¼7.3 for the integrated
demodulator, while SNR¼7.5 for the all-fiber one). On the other
hand, when the demodulator is fed with a strongly degraded input
signal (see Fig. 4, lower line), the effectiveness of signal reshaping
is demonstrated by an improvement in the SNR values. This is
more evident in the constructive case. Indeed, in the case of noisy
input (OSNR¼15 dB), the SNR increases from 3.4 to 3.7 on the
destructive output and from 3.3 to 4.8 on the constructive output,
respectively. This improvement in the eye opening is mainly due
to the amplitude limiting and noise compression on the “one”
level, which is apparent when looking at the eye diagrams of Fig. 4.
Moreover the better performance of the constructive output is
reasonably due to the more powerful NRZ-like signal in respect to
the pseudo-RZ, as the spectra of Fig. 3c show. For moderate input
OSNR (i.e., in the 20–25 dB range), it is expected that the noise
compression on the “one” level can still be appreciated, as de-
monstrated by the results presented in [9] for NRZ signals and in
[10] for RZ-DPSK signals. An improved version of the circuit with
integrated variable optical attenuators will allow to control the
optical powers that enter the SOA, changing the amount of noise
compression on one signal or on the other one. It should also be
considered that the output signals were suffering slight power
instabilities due to vibrations in the fiber coupling set up.
4. Conclusions

A 40 Gb/s InP monolithically integrated optical circuit per-
forming the DPSK demodulation and amplitude restoration after
format conversion has been realized exploiting the JePPIX Eur-
opean platform for the manufacturing of Indium Phosphide-based
photonic integrated circuits. The device consists of an interfero-
metric circuit for DPSK demodulation and a saturated SOA for the
regeneration of the counter-propagating demodulated signals.
Effectiveness of the device and of its reshaping effect in case of
noisy signals has been demonstrated in comparison with a
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commercial all-fiber demodulator. Further monolithical integra-
tion with a balanced detector is possible and a larger reshaping
effect is expected by exploiting an SOA with larger gain [9,11].
Acknowledgments

This work was partially supported by Regione Toscana through
the ARNO T3 and FORTEC project, POR CReO FESR 2007–2013, PAR
FAS 2007–2013.
References

[1] A.H. Gnauck, P.J. Winzer, Optical phase-shift-keyed transmission, J. Lightwave.
Technol. 23 (2005) 115–130.

[2] 〈http://kylia.com/dpsk.html〉.
[3] M. Kroh et al., Hybrid integrated 40 Gb/s DPSK receiver on SOI, in OFC2009

Technical Digest, paper OMK3, 2009.
[4] 〈http://www.optoplex.com/DPSK_Demodulator.htm〉.
[5] Y. Nasu, K. Hattori, T. Saida, Y. Hashizume, and Y. Sakamaki, Silica-based
adaptive-delay DPSK demodulator with a cascaded Mach-Zehnder inter-
ferometer configuration, in: Proceedings of the ECOC 2010 Technical
Digest, paper WE8E5, 2010.

[6] J. Wang, C. Zawadzki, N. Mettbach, W. Brinker, Z. Zhang, D. Schmidt, N. Keil,
N. Grote, M. Schell, Polarization insensitive 25-Gbaud direct D(Q)PSK receiver
based on polymer planar lightwave hybrid integration platform, Opt. Express
19 (13) (2011) 12197–12207.

[7] V.S. Grigoryan, M. Shin, P. Devgan, J. Lasri, P. Kumar, SOA-based regenerative
amplification of phase-noise-degraded DPSK signals: dynamic analysis and
demonstration, J. Lightwave. Technol. 24 (1) (2006) 135–142 (Jan.).

[8] X. Leijtens, JePPIX: the platform for Indium Phosphide-based photonics, IET
Optoelectron. 5 (2011) 202–206.

[9] G. Contestabile, R. Proietti, N. Calabretta, E. Ciaramella, Cross-gain compres-
sion in semiconductor optical amplifiers, J. Lightwave. Technol. 25 (3) (2007)
915–921 (Mar.).

[10] H. Chaouch, E. Parsons, A. Tervonen, M. Mattila, W. Weiershausen, T. von
Lerber, S. Honkanen, J.-Y. Yang, A.E. Willner, F. Küppers, All-optical processing
of RZ-DPSK signals using counter-propagating pulses in a saturated SOA, Opt.
Commun. 284 (10–11) (2011) 2576–2580.

[11] N. Andriolli, S. Faralli, F. Bontempi, G. Contestabile, A wavelength-preserving
photonic integrated regenerator for NRZ and RZ signals, Opt. Express 21 (18)
(2013) 20649–20655.

http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref1
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref1
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref1
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref2
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref2
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref2
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref2
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref2
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref3
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref3
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref3
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref3
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref4
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref4
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref4
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref5
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref5
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref5
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref5
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref6
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref6
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref6
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref6
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref6
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref7
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref7
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref7
http://refhub.elsevier.com/S0030-4018(14)01136-5/sbref7

	A 40Gb/s InP-monolithically integrated DPSK-demodulator enhanced by cross-gain-compression in an SOA
	Introduction
	Device description and operation principle
	Experiment and results
	Conclusions
	Acknowledgments
	References




