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Domaniç Lavery1,*, Sheng Liu2, Yoonchan Jeong2, Johan Nilsson2,
Periklis Petropoulos2, Polina Bayvel1 and Seb J. Savory1

(1) Optical Networks Group, UCL Electronic & Electrical Engineering, Torrington Place, London, WC1E 7JE,
United Kingdom,

(2) Optoelectronics Research Centre, University of Southampton, Highfield, Southampton, Hampshire, SO17 1BJ,
United Kingdom

*d.lavery@ee.ucl.ac.uk

Abstract: We experimentally investigate modulation formats for realizing high data rate and
high power sensitivity using coherent reception with low noise-figure optical preamplification.
40 Gbit/s PS-QPSK exhibits a sensitivity of 4.3 photons/bit while 100 Gbit/s PDM-QPSK
exhibits a sensitivity of 5.3 photons/bit at 3.8×10−3 BER.
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1. Introduction

Receiver sensitivity is a parameter crucial to determining the capacity of an optical communications network. The
absolute optical power sensitivity of a receiver is fundamentally restricted by the shot noise limit, and there are several
techniques which can be employed in order to approach this limit, including coherent detection and forward error
correcting codes (FEC). Another recent approach has been to utilize advanced modulation formats with intrinsic
sensitivity gains. One such format, pulse position modulation (PPM), allows arbitrary sensitivity improvements at the
expense of spectral efficiency. While recent efforts have demonstrated that some of this spectral efficiency can be
recouped [1], such formats have not yet been shown to offer data rates beyond a few Gbit/s.

More recently still, it has been experimentally demonstrated that a reasonably high sensitivity can be achieved using
the advanced modulation format polarization-division-multiplexed quadrature phase shift keying (PDM-QPSK) and
that an even better sensitivity can be obtained using the four-dimensional modulation format, polarization-switched
QPSK (PS-QPSK) [2]. The spectral efficiency limit of PS-QPSK is 3 bit/s/Hz, while for PDM-QPSK it is 4 bit/s/Hz,
making these formats attractive candidates for high capacity networks.

With this requirement of high spectral efficiency, what more can be done to improve receiver sensitivity? One further
way of approaching the shot noise limit is to preamplify the receiver using a high gain optical amplifier with a low
noise figure. In this work, we use a dual-stage erbium doped fiber amplifier (EDFA) offering a gain of 45 dB with a
measured noise figure at 1550 nm of 3.25 dB. To demonstrate the effectiveness of this approach for high data rates,
we generate, transmit, and detect a 42.9 Gbit/s PS-QPSK signal. To demonstrate the effectiveness of this approach for
higher capacity networks, we also investigate receiver sensitivity using 112 Gbit/s PDM-QPSK.

Note that, in this work, we have assumed the use of hard-decision FEC with an overhead of 7% (or 12% including
Ethernet overhead for 100 Gbit/s), and a target bit error rate (BER) of 3.8× 10−3, however this work is equally
applicable to the use of alternative FEC structures.

2. Experimental Configuration

The experimental receiver sensitivity investigations undertaken in this work required the generation of two distinct
modulation formats; PS-QPSK at 14.3 GBd, shown in Fig. 1(a), and PDM-QPSK at 28 GBd, shown in Fig. 1(b).
Both of these formats are based upon generation of a QPSK signal, which was achieved by modulating CW light
from an external cavity laser (ECL) (100 kHz linewidth) at 1554 nm using a triple Mach-Zehnder (IQ) modulator.
The modulator was driven, at a data rate commensurate with the required symbol rate, using two decorrelated pseudo
random binary sequences (PRBS) of length 215−1.

For PS-QPSK generation Fig. 1(a), the QPSK signal entered a polarization-switching stage which involved, ini-
tially, equally splitting the signal into two branches. Each branch contained a Mach Zehnder modulator (MZM), one
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Fig. 1. The 42.9 Gbit/s PS-QPSK transmitter is shown in (a) while the 112 Gbit/s PDM-QPSK
transmitter is shown in (b). Shown in (c) is the experimental configuration for investigating the
sensitivity of a digital coherent receiver. A low noise figure EDFA was employed to further improve
receiver sensitivity. When transmission was considered, the signal was passed through an 80 km
SMF spool before entering the coherent receiver.

of which was driven with a third PRBS sequence while the other was driven with the inverse sequence. Driving the
modulators symbol-synchronously effectively extinguished one arm when the other was in the transmit state. Polariza-
tion controllers (PC) were used to set orthogonal polarizations in each arm before recombination using a polarization
beam combiner (PBC). Using this technique, the third bit of information was encoded on the state of polarization of
the signal.

In the case of PDM-QPSK Fig. 1(b), polarization multiplexing was emulated using a similar method to the polariza-
tion switching stage. Here, after the splitting, a passive fiber delay line was used to decorrelate the two polarizations.
Again, a PC in each branch and a PBC were used to set orthogonal polarization states.

Where transmission was considered, an 80 km spool of standard single mode fiber (SMF) was placed between
transmitter and receiver, with a variable optical attenuator (VOA) used to decrease the received optical power to the
desired level. Without transmission, the VOA was used in isolation. The signal then entered a two stage, high gain
EDFA with a noise figure of 3.25 dB at the wavelength of interest, before entering a coherent receiver. The local
oscillator laser (LO) used was, again, an ECL, with comparable properties to the signal laser.

An array of analogue-to-digital converters (ADC) were used to transfer the signal into the digital domain where the
waveforms were processed offline. The digital signal processing (DSP) techniques used for PS-QPSK are described
in [3], with the equalizer described in detail in [4]. For PDM-QPSK, we used the DSP detailed in [5]. In the case of
transmission, we used the dispersion compensating filter, also described in [5], for both formats, assuming an average
chromatic dispersion of 16.3 ps/nm/km.

3. Experimental Results and Discussion

It is clear from Fig. 2(a) that the use of a low noise figure preamplifier has enabled sensitivities close to the theoretical
limits, even at these high data rates. At the BER of interest, 3.8×10−3, the sensitivity penalty for both formats is just
1.4 dB, while the penalty with respect to the theoretical limit assuming a 3.25 dB noise figure preamplifier is only
1.1 dB. Therefore, the sensitivity for PS-QPSK is -46.5 dBm (4.3 photons/bit) while for PDM-QPSK it is -41.5dBm
(5.3 photons/bit).

In this work, we have assumed the use of a hard-decision FEC code however, to enable comparison with other
work in this area, we consider the impact of soft-decision codes. Allowing for a larger coding overhead of 25%, there
exist codes which can correct a 2×10−2 BER to below 10−15 [7]. Assuming these parameters, the sensitivities of the
formats are 3.4 photons/bit for PDM-QPSK, while PS-QPSK would achieve a sensitivity of 3.1 photons/bit. Of course,
the net data rate is reduced if these codes are assumed, however, there is no fundamental reason why this sensitivity
could not be achieved at higher symbol rates.

Shown in Fig. 2(b), are the receiver sensitivity results for both formats after 80 km transmission. Crucially from
a network design perspective, there is no measured penalty in transmission for 42.9 Gbit/s PS-QPSK, while for
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Fig. 2. Receiver sensitivity of 40 Gbit/s PS-QPSK and 100 Gbit/s PDM-QPSK. The solid black
lines highlight the 3.8×10−3 and 2.0×10−2 FEC limits. Shown in (a) are the back-to-back sensi-
tivities, while in (b) transmission over 80 km SMF is considered. The shot noise limit (Limit) and
the theoretical limit using a 3.25 dB noise figure preamplifier (Theory) are shown as derived from
the formula in [6].

112 Gbit/s PDM-QPSK we note that the transmission penalty is less than 0.1 dB.

4. Conclusions

We experimentally investigated, and verified in transmission over 80 km, the impact of a low noise preamplifier on the
sensitivity of a digital coherent receiver. We found that, with a 3.25 dB noise figure EDFA, the receiver sensitivity was
within 1.4 dB of the shot noise limit for both PDM-QPSK (5.3 photons/bit) and PS-QPSK (4.3 photons/bit) at a BER
of 3.8× 10−3. We note that if a soft decision code were to be used, the sensitivity of PDM-QPSK would have been
3.4 photons/bit, while PS-QPSK would achieve 3.1 photons/bit; albeit with a reduction in net data rate.

5. Acknowledgements

This work is supported by Oclaro and EPSRC grants EP/G066159/1: Digital coherent receivers for 100GbE optical
transmission and EP/I01196X: Transforming the Future Internet: The Photonics Hyperhighway.

References

1. X. Liu, T. H. Wood, R. W. Tkach, S. Chandrasekhar, “Demonstration of record sensitivity in an optically pre-
amplified receiver by combining PDM-QPSK and 16-PPM with pilot-assisted digital coherent detection,” paper
PDPB1 in Proceedings of Optical Fiber Conference (OFC) 2011.

2. D. Lavery, C. Behrens and S. J. Savory, “A Comparison of Modulation Formats for Passive Optical Networks,”
in Proceedings of European Conference on Optical Communications (ECOC), Paper Tu.5.C.5 (2011).

3. D. S. Millar, D. Lavery, S. Makovejs, C. Behrens, B. C. Thomsen, P. Bayvel and S. J. Savory, “Generation and
long-haul transmission of polarization-switched QPSK at 42.9 Gb/s,” Opt. Express 19 (10), 9296–9302 (2011).

4. D. S. Millar and S. J. Savory, “Blind Adaptive Equalization of Polarization Switched QPSK Modulation,” Opt.
Express 19 (9), 8533–8538 (2011).

5. S. J. Savory, “Digital filters for coherent optical receivers,” Opt. Express 16, 804–817 (2008).
6. K. Kikuchi and S. Tsukamoto, “Evaluation of sensitivity of the digital coherent receiver,” J. Lightw. Technol.

26 (13), 1817–1822 (2008).
7. T. Mizuochi, K. Ouchi, T. Kobayashi, Y. Miyata, K. Kuno, H. Tagami, K. Kubo, H. Yoshida, M. Akita, and

K. Motoshima, “Experimental demonstration of net coding gain of 10.1 dB using 12.4 Gb/s block turbo code
with 3-bit soft decision,” in Proceedings of Optical Fiber Conference (OFC), Paper PD21 (2003).

OW3H.5.pdf   3 1/23/2012   11:51:43 AM

OFC/NFOEC Technical Digest © 2012 OSA

OW3H.5.pdf   3 1/23/2012   2:16:02 PM


