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Abstract: We present an optical phase locked loop based on sub-carrier modulation and 
designed using commercial optical components. In principle the output of a 
continuous-wave laser is subcarrier modulated by a common LiNb03 MachZe-
hender driven by an electrical voltage controlled oscillator. The proposed archi
tecture is used as optical receiver for homodyne coherent detection of ultra-dense 
WDM 2.5 Gbps 2-PSK signals with 6.25 GHz spacing. This method offers the 
potential for providing many closely spaced multigigabit channels and enables 
coherent lightwave technology to become commercially viable. 

1. INTRODUCTION 
The development of Ultra-Dense WDM (UDWDM) systems is currently un

der investigation for increasing the global capacity per single fiber. For exam
ple in [1], 10 Gbit/s transmission at 25 GHz channel spacing is demonstrated 
and studied in details. Anyway, it is shown in this and other works that optical 
filters for UDWDM have very tight requirements in pass-band shape and fre
quency stability. As described in [2] these requirements can be avoided using 
coherent communication systems which let transmission of a large number of 
WDM optical channels with very narrow frequency separations. Another ad
vantage of coherent transmission is the ability to select any particular channel 
by simply tuning a local oscillator. An optical phase-locked loop (OPLL) has 
then to be implemented in order to obtain a tunable local oscillator. 

OPLLs for homodyne or heterodyne coherent detection received a great deal 
of attention at the beginning of the 1990s [3] in order to increase the receiver 
sensitivity, but they never found practical applications, first because of their 
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complexity, secondly due to the introduction of EDFAs, that greatly leveraged 
sensitivity issues. We proposed in [4-6] a novel and much simpler OPLL ar
chitecture based on commercial off-the-shelf optoelectronic components and 
without fast direct laser frequency tuning. Frequency tuning is obtained in our 
system through optical sub-carrier generation and tuning, and will be indicated 
as SC-OPLL. 

This paper presents a possible application of our SC-OPLL for demultiplex
ing and detection of UDWDM signals. We propose and demonstrate a receiver 
setup capable of detecting 2-PSK signals at 2.5Gbit/s and 6.25 GHz channel 
separation. Our setup does not require narrow optical filters, and can be an 
enabling technology for future optical networks. 
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Figure 1. Schematic diagram of SC-OPLL. 

2. SC-OPLL ARCHITECTURE 
The SC-OPLL architecture is shown in Fig. 1. The Optical Voltage Con

trolled Oscillator (OVCO) is the key-element and is based on a commercial 
Continuous-Wave (CW) external cavity tunable laser at frequency fio that is 
externally amplitude modulated by the signal coming from an electrical VCO 
at frequency fvco- By biasing the external Mach-Zehnder (MZ) amplitude 
modulator at a null of its transfer function, a sinusoidal carrier-suppressed 
modulation is obtained. The resulting spectrum at the output of the OVCO 
is shown in Fig. 2. Two main sub-carriers at frequency fio^fvco are gener
ated, with spurious optical tones eLtfio ^^^fio^^-fvco due respectively to a 
limited extinction ratio and nonlinearities of the amplitude modulator. Consid
ering one of the two main sub-carriers, for example the one at/̂ o+ZVco* we are 
able to tune an optical frequency by simply changing the voltage applied to the 
electrical VCO, thus implementing an OVCO. Actually, this is the key issue of 
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Figure 2. Spectrum at the output of the optical VCO. 

the proposed architecture, that allows obtaining optical fine frequency tuning 
with the speed and stability of an electrical VCO, and thus to re-use typical RF 
PLL set-ups. In our case, a standard second-order PLL control circuit allows 
to lock/LO+ZVCO to the transmitted signal at frequency/jx (laser A in Fig. 1), 
When the OPLL is locked to fio+fvco -frx^ optical homodyne is obtained, 
allowing to track the incoming optical signal frequency and phase. 

When the incoming signal is modulated, its optical spectrum is translated 
to base-band at the photodiode output. In principle, due to beating with the 
other sub-carriers, copies of this signal appears also around frequencies fyco 
and 2'fyco ̂  but they can be filtered out by the receiver filter iffvco is larger 
than the signal spectral width (or bandwidth). Other details of the setup can be 
found in Fig. 1. A polarization controller matches the polarization of TX and 
LO signals before being combined by a 3dB coupler and sent to an amplified 
photodiode. The resulting electrical signal is processed by a single-pole active 
filter, in order to obtain a second-order PLL with natural frequency//^^p and the 
damping factor ^ [5], which both depend on the loop filter parameters r i=RiC 
and T2=R2C. 

3. ULTRA-DENSE WDM COHERENT DETECTION 
An ultra-dense WDM optical transmission system has been experimentally 

set up in order to evaluate the performance of our SC-OPLL. The description 
of the system's design and the obtained results follow. 

3.1 System setup 
The system experimental setup is shown in Fig. 3, and is an UDWDM ex

tension of the one presented in [4]. Three CW lasers at frequency/^ (central 
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Figure 3. UD-WDM experimental setup. 

channel) and/o±A/ (adjacent channels) were optically multiplexed and sent 
to a LiNbOa external phase modulator, driven by an electrical NRZ 2.5Gbit/s 
PRBS signal to obtain a 2-PSK modulation. We used external cavity tunable 
lasers in order to be able to freely set the UDWDM channel separation Af. The 
resulting optical signal, whose spectrum is shown in the upper part of Fig. 4, is 
sent to a variable optical attenuator (VGA) and then to an optical preamplifier. 
The resulting signal is then filtered by a 0.6 nm optical filter, which is used to 
reduce ASE noise, but is large enough to let the three channels pass through 
undistorted, i.e. this filter does not perform WDM demodulation.The coherent 
receiver is based on our SC-OPLL. The local oscillator frequency/LO has been 
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Figure 4. Spectra (0.01 nm resolution bandwidth) of the received UD-WDM signal (a) and 
of the OVCO output. 
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set such that the main suh-carrier fio+fvco is able to lock the transmitted cen
tral channel frequency/o. The spectrum at the output of the OVCO has been 
represented in the lower part of Fig. 4 which graphically represents the desired 
locking condition. The 2.5 Gbps receiver is a typical amplified photodiode and 
shifts the received WDM spectrum to base-band. Indeed, when the SC-OPLL 
is locked, the spectrum at the output of the photodetector includes a spectral 
component centered on zero frequency generated by the central channel and 
the contribution around A/ given by the adjacent two channels. UD-WDM 
channel demultiplexing and demodulation is directly obtained through the re
ceiver electrical filters. In fact, a standard receiver filter such as SDH 4-poles 
Bessel filter at 1.8 GHz proved more than adequate to reject the two adjacent 
channels efficiently. In contrast, a standard DWDM receiver would demulti
plex through optical filtering which is quite impractical at 6.25 GHz channel 
spacing. 

In our experiment, we used a 2-PSK modulation with residual carrier, so that 
the SC-OPLL automatically locks to the 2-PSK residual carrier. For further 
details on this principle see [8]. The O-VCO contains an electrical VCO with 
fvco = 20 GHz and 5 GHz dynamic range, followed by a 40 GHz bandwidth 
LiNbOs amplitude modulator. 
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Figure 5. BER vs. received OSNR (0.1 nm resolution bandwidth) for 50, 6.25 and 5 GHz 
channel spacing values. 

3.2 Experimental Results 
The performances of our setup were tested by measuring the BER as a func

tion of the OSNR (measured over 0.1 nm resolution) for different channel spac
ing. The results are shown in Fig. 5 for A/ equal to 50, 6.25 and 5 GHz. The 
curve for A/ = 50 GHz can be taken as a reference for a situation without 
WDM crosstalk. In fact, we verified that it does not show any penalty with 
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respect to single channel transmission. The curve for A/ = 6.25 GHz shows 
a penalty smaller than 1 dB at BER=10"^. This result proves the feasibility of 
the proposed setup, even for 6.25 GHz channel spacing. The penalty becomes 
larger (more than 3 dB) for A/ = 5 GHz, where the UD-WDM channel spec
tra significantly overlap, thus giving rise to an intrinsic, receiver independent, 
channel crosstalk. Please note that we do not use any particular signal shaping 
at the transmitter [7], so that A/ = 5 GHz, i.e., twice the bit rate, is close to the 
theoretical limits (regarding bandwidth occupation). 

In our experiment, due to hardware limitation, we used only three wave
lengths at the transmitter side, which are anyway sufficient as a "proof-of-
concept" of our technique. In a practical setup with many UD-WDM channels, 
when^(9+/yc(9 =/o, the other SC-OPLL subcarrier dXfw-fvco could beat with 
another WDM channel. Anyway, this problem can be easily solved by using 
an optical filter with a passband of the order of Ifvco^ which could be signif
icantly greater than A/. In our experiment, we had 20 GHz, thus envisioning 
the use of a quite common 40 GHz bandwidth optical filter (tunable, if required 
by the network architecture). 

4. CONCLUSIONS 
We proposed a novel optical PLL architecture based on off-the-shelf op

toelectronic components and we used it for coherent detection of 2.5 Gbit/s 
2-PSK signals with 6.25 GHz spacing and 1 dB penalty for UDWDM appli
cations. The use of optical homodyning, greatly mitigates the requirements on 
optical filtering and enables channel spacing in the few GHz range. The price 
to be paid for optical homodyning is the receiver complexity. Anyway, most 
of the components required in our setup could potentially be integrated using 
next-generation optical circuits and devices, thus opening new possibilities for 
future optical transmission systems, and allowing at the same time a reduction 
in the costs. 
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