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were very stable for bath cases. This shows that the PNC  output was not 
seriously corrupted by the laser phase noise as expected [4]. 
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Fig. 4 Measured BERs 

Fig. 4 shows the measured BERs after the 25 km-long SMF 
transmission against received optical power measured a' the input of 
the 3 dB optical coupler. The measured BERs for both channel selection 
were almost the same. BER af  less than was achieved when the 
received optical power WdS -1OdBm. From the above results, it was 
experimentally verified that the proposed channel selection scheme is 
useful for the uplink in ROF systems. 

Conclusion: We have proposed the channel selection scheme of mm- 
wave-band SCM ROF signal with optical heterodyne detection, which 
was performed by tuning the mode interval of the dua-mode local 
light. It has been shown that the desired channel caulcl he selected 
without the serious laser-phase-noise and fibre-dispersion effects even 
if the dual-mode local light was free-running. Moreova, the channel 
selection of Iwo-Chdnnd SCM ROF signal after the 25 km-long SMF 
transmission has been expcrimentally verified. 
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Experimental demonstration of cascaded 
transmission and all-optical label swapping 
of orthogonal IM/FSK labelled signal 

Nan Chi, J i an feng  Zhang, P.V Holm-Nielsen, 
Lin Xu, I.T. Monroy, C. Peucheret, K. Yvind, 
L.J. Chr is t iansen  and P. Jeppescn 

A network node is demonstrated with two-hop wnsmission and all- 
opticvl label swwapping hased on il Mach-Zehndcr  semiconductor 
optical amplifier interfcmmeter and elccnoabsorption modulator OS 
a nro-levcl optically labclled signal using an orthogonal IMjFSK 
modulation format with an oven311 powei penalty o f  less than 2 dB. 

Inrrodtrction: All-optical label swapping is an attractive technique for 
implemcnting packet routing and forwarding functions independently 
of IP packet length and payload bit rate [I]. Combined intensity 
modulationjfrequency-shift keying (IMjFSK) or intensity 
modulationjphasc-rhift keying (IMjDPSK) optical labelling has 
been proposed as a competing scheme to sub-carrier multiplexed 
optical labclling due to its compact spectrum, simple label swapping 
and remarkable scalability to high bit rates [ 2 4 ] .  Although we have 
earlier demonstrated successful single hop transmission of an 
IM/FSK labelled signal generated by a distributed feedback (DFB) 
laser with an integrated electroabsorption modulator (EAM) [3], the 
feasibility of all-optical label swapping and multi-hop transmission of 
this lM/FSK labelling scheme needs to be verified. 

In this Letter, we present the latest experimental investigation of thc 
complete functionality of a Ed1  network node with two-hop 
transmission and all-optical label sujapping of an optically IMjFSK 
labelled signal. Simultaneous FSK label erasure and 2K regeneration 
are successfully achieved in a monolithically integrated Mach-Zehnder 
semiconductor optical amplificr (MZ-SOA). We also demonstrate for 
the first time FSK label insertion bascd on an EAM through all-optical 
conversion of the 10 Gbitjs intensity modulated payload to a new 
wavelength. Propagation over two transmission spans (50 and 44 km 
SMF) separated by a network node including label removal, 2R 
regeneration, and label reinsertion functionalities, is shown to result 
in less than 2 dB power penalty for both the 10 Gbit/s IM payload and 
the 312 Mbit/s FSK modulated label. 

Archirectare of all-opticol pocker w i l ched  network based on orrho- 
g o d  IMjFSK labelling: At the ingress edge router the incoming 1P 
packets are assigned two-level optical labels, i.e. the wavelength of 
the signal camer  ( j .  label) and the FSK label, orthogonally modulated 
to the IM payload. The packet switched network architecture requires 
these two-level optical labels to be swapped during the routing 
process in order to build up an appropriate optical path along the 
transmission fibre network, as shown in Fig. I .  

Fig. 1 Syslem orchirecturrfur orrhogonu1 IMIFSK lob ell in^ 

The core nodes perform routing and forwarding operations based an 
the information retrieved from the optical label. They also perform label 
swapping with wavelength conversion to ensure that packets reach their 
destination. To perform label swapping, a tiaction of the incoming 
signal is tapped for opto-electronic label processing. The remaining part 
of the signal is input to an MZ-SOA for label removal and 2R 
regcneration. Replacing the label is easy becausc the FSK label 
information is lost during the wavelength conversion in the MZ-SOA. 
Thercfore only the payload information will be copied onto the output 
wavelength of the MZ-SOA, which will then be used as the pump signal 
to the €AM. After setting the new i label by accordingly setting the 
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wavelcngth of the tunable laser and inserting the new FSK label, the 
FSK modulated signal is injected into the EAM as the probe signal for 
frequency-modulation maintaining wavelcngth conversion. After these 
cascaded processes, both the ;. label and thc FSK label are swapped and 
the packet is ready for the next hop transmission. 

Experiwental setup and resultr: The experimental setup is shown in 
Fig. 2.  The optical FSK modulation can be achieved simply by directly 
modulatingthe electrical current ofa  DFB laser (1549.2 nm). However, 
thc drive current variation always results in a simultaneous intensity 
modulation of the emitted light, which will obviously cause a detri- 
mental effect on the IM payload. To remove the intcnsity variation at the 
output of the laser, the inverse clectrical data is injected into the 
integrated EA modulator with appropriate time delay and modulation 
voltage. In this way, a constant amplitude optical FSK signal at 
312 Mbit/s (PRBS 2'-I) is generated. The payload information at 
10 Gbit/s (PRBS 2'-1) is added by a following Mach-Zehndcr modu- 
lator, thus producing an optically lM/FSK labelled signal. It should be 
noted that a limited IM extinction ratio is necessary for thc FSK label 
detection, but on the othcrhand this lowcxtinction ratio will deteriorate 
the payload detection. Therefore in our experiment a compromise value 
of4.3 dB is selected for the extinction ratio o f thc  IM payload. 

Fig. 2 Erperimenlol setup 

The first hop consists of 50 km singlemode fibre (SMF) with match- 
ing length ofdispersion compcnsating fibre (DCF). The dispersion of the 
SMF and the DCF is 16.9 ps/nm/km and -l00ps/nm/km, respec- 
tively. Our simulation results and experimental investigation identically 
reveal that a pre-compensation scheme has better performance than a 
post-compensation scheme. Hence pre-compensated fibrc spans are 
chosen for both fibre links. Afier this first stage transmission the 
optically labelled signal is input to the MZ-SOA (Alcatel 19011CM) 
for the label erasure and 2R regeneration. A tunable external cavity laser 
at 1555.8 nm is uscd as CW input for the MZ-SOA. Very good labcl 
erasure and 2K regeneration can be achieved by the MZ-SOA. Owing to 
its nonlinear transfcr function, the extinction ratio o f  the converted signal 
is greatly improved to 12.9 dB, which leads to a 2 dB enhancement for 
the receiver sensitivity. The regenerated payload is then fcd to the EAM 
as the pump signal for the label insertion process, where the extinction 
ratio of the label-renewed signal will be adapted to the required value. 

The advantage nfusing the EAM for label reinsertion is the negligible 
frequency chirp induced by EAM-based wavelcngth conversion. which 
is extremely desirable in our orthogonal IM/FSK labelling scheme [5]. 
The EAMs used in our experiment were kindly provided by GIGA, an 
Intel company. The initial FSK signal is split into two parts with one of 
them acting as the second label source for the label insertion module. 
The nonlinear transfer function ofthe MZ-SOA will be beneficial to the 
outpul extinction ratio at the cost of some amplitude jitter and eye 
diagram distortion. This c m  be seen in the eye diagram recorded at the 
output of the MZ-SOA shown in Fig. 2. Another advantage of the label 
swapping bared on cascaded MZ-SOA and EAM is that this amplitude 
jitter can be compensatcd for by the nonlincar absorption and saturable 
absorption of the EAM. As evidence a very clear eye diagram with 

negligible distortion was obtained when carrying aut cascaded convor- 
sion of a pure IM signal. It should be noted that the noise imposed onto 
the EAM output eye diagram (see Fig. 2)  is due to the non-optimal FSK 
intensity. As mentioned carlicr, a limited extinction ratio is obligatory in 
the orthogonal labelling scheme. This relatively low extinction ratio can 
be easily accomplished by adjusting the reverse bias of the EAM. The 
output signal of the label swapper has an extinction ratio of 4.9 dB. Thc 
second hop includes 44 km SMF and 6 km DCF. At the receiver, the 
frequency discrimination for FSK demodulation is achieved by hvo 
Opticdl filter stages providing more than 15 dB suppression ratio 
between the WO FSK tones. 

Fig. 3 shows the BER curves in the back-to-back case, after the first 
hop, after the label swapper and after The second hop. The inset shows 
the pattern for both thc payload and the label as detected afler hvo-hop 
transmission including label swapping. Clearly some payload 
information is superimposed onto the label afier the FSK demodulation, 
however the eyc is still open and allows error-kec detection. The 
cascaded transmission and label swapping result in 1.9 d B  power 
penalty for the payload and I .8 dB penalty for the label. 

A 50 km payload 
I3 payload erased label 
A inserted label 
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Fig. 3 Measured HER renrlisforpoyload and label 
Inset: Keccived panem of payload and label ahcr two-hop transmission and lvbcl 
swapping 

Conclrrsion: We have experimentally demonstrated the full function- 
ality of a network node performing all-optical label swapping of a 
two-level optically labelled signal using orthogonal lM/FSK modula- 
tion format, two-hop transmission and 2R regeneration. The power 
penalty of the cascaded transmission and label swapping was shown 
to be below 2 dB. 
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Mitigation of optical crosstalk penalty 
in photonic cross-connects using 
forward error correction 

V Kaman, X. Zheng, C .  Pusarla, A.J. Keating, 
R.J. Helkey and J.E. Bowers 

The usc of forward error mrrection in all-optical networks for 
reducing the impact o f  dynamic crosstalk in photonic C I O S S - E O ~ ~ ~ C ~ S  

bared on rhrce~dimeniional micrurlfctrOmechanic91 syslcms (3D- 
ME,MS) is descnbed. Error-free operation is achieved for cohemnt 
crosstalk I e ~ e l s  up to -16 dB, which corresponds to a 13.5 dB 
coherent input signal dynamic range, using a RS(ZSS/239) Reed- 
Solomon error correcting code with a coding gain of 6 dH in a 
288 x 288 non-blacking 3D-MEMS switch. 

1niroducrioa: Dense wavelength division-multiplexed photonic net- 
works with all-optical ( 0 0 0 )  nodes for metro and long-haul applica- 
tions have recently been demonstrated far network el'ficiency and 
significant cost savings by the removal of optical-elactrical-optical 
transponders at each switching node [I] .  With their potential for 
realising large-scale and compact photonic cross-connects (PXC), 
free-space three-dimensional microelectromechanical systems (3D- 
MEMS) based optical switches have been proven as the leading 
technology for these 000 switching nodes, with switch :iizes exceed- 
ing 200 ports [ 2 ,  3). Photonic networks based an 000 switching 
nodes can. however, suffer from the addition ofleakage crosstalk from 
adjacent wavelengths in a cascade of wavelength multiplexers [4] as 
well as passible dynamic crosstalk arising as an input mirror scans 
instantaneously over an unintended output mirror in 3D-MEMS 
switches [5]. 

Several transmission impairments, such as noise accumulation in 
optically amplified long-haul systems [6] and polarisation made disper- 
sion [7], have been alleviated by using fonvard error comction (FEC). 
More recently, the use of FEC has been proposed for in-band coherent 
crosstalk [SI. In this Letter, we investigate the benefit of using FEC 
against instantaneous dynamic crosstalk in photonic nehvarks based on 
3D-MEMS optical switching nodes. Our results simulate Im:vels beyond 
expected worst-case optical crosstalk and can be exteeied to other 
sources of crosstalk such as in a cascade of wavelength mirltiplcxers or 
filters [ I ,  41. 

Photonic C ~ O S S - C O ~ ~ C C ~  characterirtics: The 288-port I'XC system 
consists o f a  3D-MEMS based optical core switch and auxiliary input 
and output 2 x 2 optical switchcs for I:1 protection as wdl as optical 
taps for power monitoring and mirror control. The light from an input 
fibre is collimated and incident on a MEMS mirror which can deflect 
light onto any of thc output MEMS mirrors. The output mirror then 
aligns the optical beam onto a particular output collimetor, and the 
path loss is minimised by optimising the mirror angles. The measured 
non-blocking core switch and PXC system median Iosses are 1.4 and 
4.3 dB at 1310 nm, respectively. The extra loss in the PXC is mainly 
due to the 2 x 2 protection switches and the opticdl tap couplers. The 
PXC also has a wide transparent optical bandwidth from 1260 IO 
1625 nm with a maximum loss variation of 1.5 dB. St;aic channel 
isolation, given by the ratio of output power to input power for two 
pons  not in a connection, is below -60 dB for input and output ports 
adjacent to the signal path. Isolation for non-adjacent pons is typically 
bener than -80 dB, so the total crosstalk from a fully loadsd system is 

dominated by adjacent ports. Dynamic crosstalk occurs when an input 
mirror Si,, and output mirror Sou, are in a connection; and an adjacent 
input mirror Xi" is pointed to output minor So,, when moving X,. from 
X,,,, to as shown in Fig. 1. By manually pointing Xi, to So,, 
while Sou, was optimised to S;,, the channel isolation was measured to 
be -35 dB, although typical isolation is better than -40 dB. 

Results: The exprrimcntal setup is shown i n  Fig. 1. The two 
9.95328 Gbit/s complementary outputs from a bit crror rate tester 
(BERT) with panem lengths of Z 3 '  - I wcre synchronously fed into 
the RS(2551239) FEC encoder. A 1553.3 nm optical signal was then 
modulated with the FEC-encoded 10.66 Gbitls data stream using a 
Mach-Zehnder modulator (MOD). A 3 dB coupler split the output 
signal and one arm, with 0.5 dBm of power, was directly connected to 
the main optical signal path in the PXC (mirror S,, to So,,) with a loss 
of 5.5 dB. The other arm of the splitter was fed into an erbium-doped 
optical amplifier (EDFA), which was followed by a variable optical 
anenuator (VOA) and a polarisation controller (PC) before it was 
input to the adjacent port (mirror X;,J of the main signal path. An 
optically amplified receiver was used at the output of the PXC beibre 
the 10.66 Gbit/s signal was FEC-decoded to 9.95328 Gbit/s for bit 
error rate (BER) measurements. 

Fig. 1 IO Chills expevimenlai .setup,for dynamic cmssmlk expwinz~nl  
DFB: dismbuted feedback laser; OBPF: optical bandpais filter; R E C  receiver 

,o-1 ~ ~~ ~ 

-10 4 5  -30 -25 -20 
average received power, dBm 

Fig. 2 Bit e i m i  rote C I L I Y ~ . ~  at 10 Chills with no, -22.5. -20. and 
-17.5 d5 cm.~.staik 

Filled and empty symbols denote with and u,ithout FEC oper;irion, respectiuely 
0 O n o  CmSstaIk 
W 0 - 2 2 . 5  dB crosstalk + 0 - 2 0  dB crosstalk 
A A-17.5 dHm crosstalk 

Fig. 2 shows the BER results with and without FEC encoding. In 
these measurements, the channel isolation was held statically at the 
worst-case value of -35 dB experienced during switching while the 
crosstalk channel input power was sct to various levels (no power, 7.5, 
I O ,  and 12.5 dBm). The signal input power was 0.5 dBm resulting in 
-5 dBm output power and a crosstalk X,,,/S,,, of 0, -22.5, -20, and 
-37.5 dB. respectively. The PC was used 10 align the polarisations of 
the two signals for maximum errors. Without crosstalk, B BER of 
was obtained for an average received power of -30.5 dBm without 
FEC and -36.5 dBm with FEC. As the interfering signal level uas  
increased to 12.5 dBm to cause a coherent crosstalk level of - 17.5 dB, 
the power penalty incurred with no FEC is more than 10 dB while FtiC 
enables the same receiver scnritivity of -30.5 dBm that was achieved 
without crosstalk and without FEC. 
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