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Abstract—The development of wavelength-division multi-
plexing (WDM) all-optical transport networks is an interesting
solution to increase the capacity of long-haul transmission systems
and to solve the route-exhaust problems of metropolitan networks,
driving down the cost of that traffic. Routing can be achieved using
a transparent device able to select and interchange wavelengths,
such as an all-optical wavelength converter. In this paper, an
optical transport network over an embedded link located between
Rome and Pomezia in Italy is emulated. The transmission has
been realized along a WDM, 5 x 100 km long, dispersion managed
link at 40 Gb/s. The in-line rerouting process has been controlled
by means of an all-optical wavelength converter realized with a
periodically poled lithium niobate waveguide. Moreover, a polar-
ization-independent scheme for the converter has been exploited
to allow the in-line signal processing. This scheme is based on the
counterpropagation of TE and TM signal components along the
same guide and results extremely compact.

In this paper it is demonstrated that wavelength conversion and
rerouting add no penalty with respect to the simple transmission
along the embedded cable. This result seems to be another step
toward the feasibility of true all-optical networks.

Index Terms—TField trial, 40 Gb/s, polarization, rerouting, wave-
length conversion, wavelength-division multiplexing (WDM).

1. INTRODUCTION

CRUCIAL issue of network evolution is to meet the in-
A creasing bandwidth capacity atreduced cost [1]. A possible
solution to fit this requirement can be found in the achievement
of an all-optical network [2], [3]. An optical transport network
(OTN) consists of the concatenation of optical devices and
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fiber links able to manage the optical information in a very
dynamical way. An efficient solution to optimize the architecture
of the OTN is wavelength-division multiplexing (WDM) [4],
[5], which permits one to increase the potentiality of installed
infrastructures. Moreover, WDM channels are very suitable for
OTN where channels can be optically processed in the frequency
domain by means of optical cross-connect nodes (OXCs). One
possible device that can implement the functionality of an OXC
node, i.e., extraction and reallocation of different channels, is
an all-optical wavelength converter (AOWC) [6]. Extensive
studies of wavelength-routed networks demonstrated that cre-
ating an OTN without AOWCs would imply a major waste of
fiber bandwidth [7]. Moreover, wavelength converters simplify
network management problem and enable ready interconnection
between independently managed networks. Because of these
considerations, it is straightforward that the main requirement
for an AOWC is to be transparent to pulse length, modulation
format, and signal bit rate. In particular, an ideal AOWC should
be able to generate a converted signal without reducing signal
power and optical signal-to-noise ratio (OSNR) level during the
wavelength conversion process. Moreover, to be useful in WDM
networks, the AOWC must allow the simultaneous conversion
of several wavelengths. The aim of the IST-ATLAS (All-optical
Terabit per second LAmbda Shifted transmission) Project has
been to consider the issues of a point-to-point OTN, namely,
what are the performance and the capacity of a connection and
which are the requirements for OXC nodes. The main issue
consisted in verifying the potentiality of rerouting process in
high-bit-rate networks; therefore we chose to verify the AOWC
performance over a WDM transmission link at 40 Gbit/s. Several
experiments have already demonstrated the benefit, in terms of
traffic, given by high-bit-rate WDM transmissions [8], [9].

In this paper, we present the experimental evaluation of an
OTN, consisting of an embedded link WDM at 40 Gb/s with a
switching-node based on wavelength conversion in a LiNbO3
waveguide. The link used for the experiment is located between
Rome and Pomezia, where both G.652 and G.655 fibers are de-
ployed along a dispersion managed link. The total link length is
500 km, but after 300 km one of the WDM channels is dropped,
converted by the AOWC to a different wavelength, and rein-
serted into the line to be propagated with the unconverted chan-
nels up to the end of the link. The description of the entire ex-
periment is organized as follows: AOWC features are presented
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in Section II; in Section III the line setup is described and crit-
ical aspects such as losses, chromatic dispersion compensation,
and polarization-mode dispersion are discussed. Finally, in Sec-
tion IV, results demonstrating the error-free channel rerouting
without the aid of any error-correction code are reported.

II. WAVELENGTH CONVERTER

Several techniques to implement an AOWC have been
studied and reported in the literature [10]. Usually, wavelength
conversion experiments performed in communication systems
exploit one of the following techniques: four wave mixing in
highly nonlinear fibers (HNLFs), nonlinear effects in semi-
conductor optical amplifiers (SOAs), or parametric difference
frequency generation in periodically poled lithium niobate
waveguide (PPLN) [11].

The major problem given by the use of HNLFs is that the
conditions assuring high conversion efficiency, i.e., high signal
power and high nonlinear coefficient, enhance signal distortion
because of self-and cross-phase modulation effects. This makes
it very difficult to obtain a converted signal with a sufficiently
high power not affected by strong distortions. The use of SOAs
has some advantages with respect to HNLFs [12]; in particular
signal power is not required to be particularly high, because the
SOAs amplify the input signal during the conversion process.
The main problem of this technique is that during conversion
process a nonnegligible amplified spontaneous emission (ASE)
power is generated together with converted signal, causing a re-
duction of the OSNR level. Furthermore, SOA conversion effi-
ciency depends on signal bit-rate and pulse modulation format.
Additionally, both signal and pump power must be carefully
controlled to obtain low signal degradation, caused by nonlinear
effects in the SOA, together with high conversion efficiency
[13], [14].

The process of wavelength conversion based on parametric
difference frequency generation in PPLN is very attractive,
because its characteristics are quite close to those of an ideal
AOWC. During the conversion process only negligible noise
from spontaneous parametric fluorescence is added to a con-
verted signal and no signal distortion is introduced. Moreover,
the converter is transparent to signal bit-rate and modulation
format, [10], [11] and allows high conversion efficiency [15].
In addition, the wavelength conversion bandwidth is broad
(typically >50 nm), allowing multichannel conversion. De-
spite these advantages, PPLN suffers from the presence of the
photorefractive effect [16]. One common solution to avoid pho-
torefractive damage is to maintain the LINbO3 waveguide at high
temperature, so that charges are easily removed from trap levels
present in the crystal; thus, in our experiment the waveguide has
been maintained around 200°. Nevertheless, this must not be
considered a limit of PPLN applicability because some crystals,
obtained by slightly doping LiNbOg, show a strong reduction
of photorefractive effect also at ambient temperature [17]. The
development of such a PPLN-based waveguide will allow the
operation of the AOWC at low temperatures as well.

A very promising technique to be used in the PPLN waveg-
uides consists of combining the second-harmonic generation
with the difference frequency generation in a single device (cas-
cading technique) [18], [19]. In such a device a fundamental
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Fig. 1. Conversion efficiency and OSNR versus power of the unconverted
signal for the PPLN-waveguide. The power of the fundamental wave (at
1557.36 nm) is constant and equals 22.4 dBm. The circles represent the
conversion efficiency; the up- and down-triangles are the OSNR of the
converted and unconverted signal, respectively. The OSNR figures are obtained
with 0.1 nm of resolution bandwidth.

wave at frequency wy is used to generate a pump wave at fre-
quency w, = 2wys. At the same time the pump wave interacts
with a signal at frequency ws and generates the converted wave
(also called “idler”) at frequency w. = wp — w, = 2wWf — w.
The coherent process described above is polarization depen-
dent, since phase-matching conditions are strongly affected by
the polarization of the incoming signals. As a consequence,
as the polarization is uncontrollable along a link, the in-line
wavelength conversion may be really inefficient. In order to re-
move this drawback, many solutions have been proposed and
demonstrated using a polarization diversity scheme, as reported
in [19] and [20]. Generally, schemes proposed in the litera-
ture require identical phase-matching conditions in two different
waveguides, and a compensation of the differential group delay
accumulated by the two signal polarization components [20].
In this paper we introduce a novel scheme that allows one to
use only one waveguide, so that identical phase-matching con-
ditions are guaranteed between the two polarization components
and equalization of the differential group delay between the two
polarization components is automatically realized. In order to
describe with accuracy the AOWC setup, first the characteri-
zation of a PPLN-waveguide is reported; subsequently the po-
larization-independent scheme that allows effective use of the
PPLN-waveguide as an in-line converter is discussed in detail.

A. Characterization of the Wavelength Converter

The waveguide used during the field trial has been fabricated
at Paderborn University by means of a titanium indiffusion on
a PPLN crystal. To begin with, the conversion bandwidth of the
device has been characterized: the 3-dB conversion bandwidth
equals 55 nm. Another important issue regards the conversion
efficiency of the device. Using a 22.4-dBm power of the fun-
damental wave at 1557.36 nm, the conversion efficiency (mea-
sured as the ratio of converted power to unconverted power at
the output of the device) of —8 dB has been achieved. Results
are reported in Fig. 1, where the OSNR figures are obtained with
0.1 nm of resolution bandwidth. As can be observed, the OSNR



358 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 2, MARCH/APRIL 2004

INPUT:
pump+signal
™
Optical PBS [ - | PPLN wavelength converter T\M
circulator _'I i" %
‘\ ‘i
hY s
~ s P ——————————— rd
INPUT: TE->TM TE<-TM

pump-isignal-tidler

Fig. 2. Polarization-independent scheme for wavelength conversion. (PBS
stands for polarization beam splitter.)

is completely determined by input OSNR of unconverted signal
and by conversion efficiency. No measurable excess noise due
to the conversion process itself could be detected. Within 30 dB
power change of unconverted signal, the ratio between the signal
and idler OSNR was exactly the conversion efficiency. Using
an arrayed waveguide grating as narrow-band filter in front of
the PPLN-wavelength converter, the out-of-band noise was re-
moved, improving the effective OSNR of the converted signal
of about 5 dB. In fact, filtering the input signal before the PPLN
waveguide avoids adding spurious ASE noise in the wavelength
region in which the idler is generated. If a multichannel wave-
length conversion is realized, the efficiency of the process is
slightly lower, around —10 dB (instead of —8 dB) over the 3-dB
conversion bandwidth [15], [21]. Moreover, by switching indi-
vidual channels, no change in efficiency has been observed, nor
any difference measured between continuous-wave and pulsed
signal. The insertion loss of the device is around 5 dB for TM
polarization (and 3.5 dB for TE polarization).

B. Polarization-Independent Scheme

The polarization-independent scheme applied is particularly
simple and compact, as shown in Fig. 2. Both fundamental
wave and signal are independently amplified, filtered, and
then combined by a 10(signal):90(fundamental) coupler into
an optical circulator. The incoming radiation is divided into
two components TE and TM by means of a polarization beam
splitter (PBS). Subsequently, the light is launched into the
guide according to a counterpropagating scheme. It is worth
noting that the whole configuration is polarization maintaining
(PM). The PM pigtail carrying the TE component of the
signal is rotated by 90° and spliced to the right pigtail of the
converter in order to guarantee TM coupling. In the same way,
the converted signal corresponding to the TM component is
rotated to TE and recombined with the TM idler component
by the same PBS. With this scheme, adjusting the polariza-
tion state of fundamental wave, it is possible to control the
fundamental power on the two branches of ring configuration,
thus controlling the conversion efficiency of signal polarization
components. Interference effects due to internal backreflections
are reduced as much as possible by the AR-coating waveguide
endfaces and by angled fiber to waveguide coupling. The
most relevant advantage of this scheme consists in using a
single guide. This assures identical phase-matching condition
for both polarization components as well as the automatic
compensation of the differential group delay between the two
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Fig. 4. BER measurement back-to-back for the PPLN-waveguide: the circles
correspond to the scrambled signal; the triangles refer to the transmission
without scrambling.

counterpropagating components of signal and idler. We notice
that by means of the 90° rotated pigtail, any other polarization
rotator device external to the guide has not been used.

In order to test the polarization independence of this scheme,
a fundamental wave of 24 dBm has been fed into the circulator,
and its polarization has been adjusted to obtain the same conver-
sion efficiency for both TE and TM components of the incoming
signal. Then a polarization scrambled signal has been fed into
the AOWC, and variations of idler power have been recorded
on an optical spectrum analyzer. By proper adjustment of fun-
damental wave polarization, it has been possible to achieve a
—1 dBm idler signal at the output of wavelength converter, and
idler power variations, observed in a long-term measurement,
showed a polarization sensitivity of about 0.2 dB. Fig. 3 reports
the idler power fluctuations during the polarization scrambling
of the incoming signal. The figure is obtained using an optical
spectrum analyzer (OSA) setting the span width at 0 nm, and the
two traces represent the upper and lower limit of the power oscil-
lation. The long-term optical eye diagram of converted channel
is shown in the inset of Fig. 3. We confirmed the reliability
of the proposed scheme also in terms of system performance
by means of bit error rate (BER) measurement. In Fig. 4 the
performance of converted channel, carrying a 40-Gbit/s stream
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Fig. 5. Field trial setup between Rome and Pomezia (R: Raman amplifier,
DCU: dispersion compensating unit).

of 5-ps full-width at half-maximum (FWHM) pulses, with and
without the polarization scrambler, are compared. The reported
OSNR has been measured by means of an OSA setting the res-
olution bandwidth at 2 nm. The results highlight that no addi-
tional penalty is introduced by the polarization scrambler.

III. FIELD TRIAL SETUP

As we mentioned in the Introduction, we evaluated the per-
formance of the previously described AOWC along a WDM em-
bedded link at 40 Gbit/s. A scheme of trial setup is sketched in
Fig. 5. The fibers are looped back four times to obtain about
100-km spans, and by repeating the same configuration five
times, a5 X 100 link has been reproduced. Due to the fact that in
the cable both G.655 and G.652 are deployed, two links 500 km
long over both kind of fibers were obtained. The transmitter—re-
ceiver as well as the optical amplifiers and the AOWC were lo-
cated in the Rome site.

The transmitter consists of four DFB lasers in the C-band, at
the wavelengths 1550.92, 1552.52, 1554.13, and 1555.75 nm,
complying with the ITU-T wavelength grid. The multiplexed
channels are externally modulated by two cascaded electroab-
sorption modulators (EAMs), providing pulse shaping and data
encoding. Return-to-Zero (RZ) pulses 5-ps FWHM have been
obtained by fine-tuning the first EAM bias voltage. It is worth
noting that a low duty cycle has been used, according to re-
sults reported in [22], to reduce the impact of intrachannel non-
linear effects. On the receiver side, the channel has been de-
multiplexed, preamplified, filtered, and fed to both the clock re-
covery and the 40-Gbit/s electrical time-domain multiplexing
receiver.

A. Link Specifications

Specifications regarding the fiber link are given in Fig. 6,
where reported data correspond to the mean values per
span at the reference wavelength 1552.52 nm. In the figure,
Dspan, Sspan, and aspan stand for chromatic dispersion,
chromatic dispersion slope, and attenuation per span, respec-
tively, whereas the last column reports the polarization-mode
dispersion (PMD) coefficient, as usually given in ps/km'/2.
Main issues for the system performance concern optical ampli-
fication, chromatic dispersion compensation for each channel,
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Dspan (ps/nm) [ Sspan (ps/nm®) | aspan (dB) [PMD (ps/km™)
G.655 24033 6.12 239 0.06
DCF1 ([-239.43 -1.17 2.8 0.10
G.652 |1542.76 5.34 22 0.03
DCF2 [-1543.76 -3.99 124 0.13

Fig. 6. Main specifications of the two different fiber types with the
corresponding dispersion compensating fibers (DCF) measured at the reference
wavelength of 1552.52 nm. Dgpan, Sspan. and aspan stand for chromatic
dispersion, chromatic dispersion slope, and attenuation per span, respectively;
these are mean values measured over the 100-km spans that form the link. The
last column reports the PMD coefficient, as usually given in ps/km®/2.

and polarization mode dispersion impairment. Some details for
each of them are given in the following sections.

1) Chromatic Dispersion Compensation: Chromatic dis-
persion has been compensated after each 100-km span by
means of dispersion compensating units (DCUs). First, the dis-
persion management has been performed without the AOWC
for the four propagating channels. The first-order compensation
referred to the channel at 1552.52 nm was around 100%. The
200-GHz channel spacing induces taking into account also the
dispersion slope of the fiber when other channels at 1550.92,
1554.13, and 1555.75 nm are considered. In the G.652 case,
due to the lower slope value, only the first and fourth channels
(1550.92 and 1555.75 nm) had to be adjusted in compensation:
in fact, a proper amount of dispersion has been added at the
receiver side, just after channel selection. Concerning G.655
fiber, the higher slope value involves the compensation of all
three remaining channels.

2) Optical Amplification: Optical amplification has been
realized following a hybrid scheme with both erbium-doped
fiber amplifier (EDFA) and distributed Raman amplification.
The choice of this hybrid scheme depends on the tradeoff
between two effects. First, distributed Raman amplification
provides advantages, in terms of noise figure, with respect to
the EDFA; i.e., pure Raman amplification yields improvement
of the OSNR with respect to pure double-stage EDFA amplifi-
cation for the same system parameters [23]. On the other side,
distributed Raman amplification can increase the nonlinear
impairment due to the higher power of propagating signal [24].
This is the reason why we chose to amplify the signal by means
of Raman amplification only along the 100 km spans and not
through the DCUs, which are more sensitive to the nonlinear
effects.

As mentioned, at the end of each span a counterpropagating
400-mW pump at 1455 nm has been inserted by means of an
optical circulator to preamplify the signal before the DCU. The
same power pump over two different kinds of fiber produces
strongly different Raman gain values. Actually, the Raman ef-
fect produces 8 dB gain over G.652, whereas it provides 12 dB
gain over G.655. After each compensation stage the radiation
has been boosted through an EDFA to be repropagated along
the following span. Due to the different fiber specifications, the
output power of the in-line EDFA has been adjusted for each
kind of fiber to ensure the best performance. More precisely,
3-dB dynamics, as aggregate power level, could be sustained
in both cases, with 4+15 and +13 dBm as maximum boosted
level from each EDFA for G.652 and G.655, respectively. Fig. 7
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Fig. 7. Power budget management along the link. Solid and dashed lines
correspond to G.652 and G.655 transmission, respectively.

shows the obtained power map behavior along the link. The
lower value of boosted power in the G.655 case is due to the
enhanced nonlinear impairment [22], [25].

3) Polarization-Mode Dispersion (PMD) Effects: The em-
bedded fibers have been characterized in terms of mean differ-
ential group delay (DGD) in two different moments. The first
time, the measurements have been performed few months after
the cable installation in 1996. The DGD was averaged over a
100-nm bandwidth around 1550 nm: the resulting PMD coeftfi-
cient was 0.032 and 0.043 ps/\/k_m for G.652 and G.655 fibers,
respectively. The link has been tested again during the year 2000
to evaluate the long-term DGD evolution. These measurements
provided 0.032 and 0.061 ps/v/km as PMD coefficient for G.652
and G.655, respectively [26]. The mean DGD in G.655 fibers
has increased in the last years, but the absolute value is still
very low. By means of these measurements, and by means of a
DCU characterization as reported in Fig. 6, the mean DGD value
along the link can be estimated close to 1.14 and 1.38 ps for
G.652 and G.655, respectively. Each EDFA adds around 0.2 ps,
and therefore the overall mean DGD of the link gets close to
1.3 and 1.5 ps for G.652 and G.655, respectively. The average
DGD per time slot (04 = 25 ps) in the worst case equals 6%.
Considering this low value and the low duty factor of the prop-
agated RZ pulses (around 20% of the time slot), we can affirm
that in our experiment the PMD should have no impairment on
the transmission performance [27]. This will be confirmed by
experimental results.

IV. EXPERIMENTAL RESULTS

During the field trial session, system performance has been
analyzed in terms of BER curves versus OSNR with fixed op-
tical input power in front of the 50-GHz photodiode. OSNR
has been swept by remote controlling a variable optical atten-
uator (VOA) inserted just in front of the first EDFA at the re-
ceiver side. OSNR level with 2-nm resolution bandwidth was
measured just after the same EDFA, i.e., before channel selec-
tion, with the maximum value corresponding to the line OSNR,
which is straight determined by the power budget along the line.

In order to achieve less than 0.2 dB fluctuation on the input
power level to the photodiode while sweeping OSNR within
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Fig. 8. BER versus OSNR (at 2-nm resolution bandwidth) of unconverted and
converted channels (see legend) after 5 x 100 km of G.652 fiber, with 46 dBm
mean optical power level per channel.
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Fig.9. BER versus OSNR (at 2-nm resolution bandwidth) of unconverted and
converted channels (see legend) after 5 x 100 km of G.655 fiber, with +4 dBm
mean optical power level per channel.

about 10 dB dynamic, we arranged three cascaded EDFAs plus
an optical filter for each amplifier output. The first filter se-
lects the channel to be measured with a 1.1-nm passband. The
other two filters are 1.3-nm passband tunable filters, which are
useful for cutting off the out-of-band optical noise contribution.
In order to evaluate the performance of the OXC node along
the link, a transmission of the four channels without the in-line
AOWC has been deployed. Launching a 27—1 pseudorandom
bit sequence length, all the channels stand within less than 1-dB
penalty with respect to the back-to-back operation. It should be
underlined that the measurements accuracy of our testbench is
around 0.5 dB and that all the BER measurements reported in
this letter have been performed without the aid of any error-cor-
rection code. In Fig. 8, we show the behavior of the BER versus
OSNR for the G.652 transmission where the mean optical power
per channel is around +6 dBm. Similar results are reported in
Fig. 9 for G.655 fibers where the mean power per channel is
+4 dBm. It is worth noting that all BER measurements pre-
sented in this paper have been performed at 10 Gbit/s but curves
of all tributaries at 10 Gbit/s are not reported because they are
almost superimposed.

Subsequently, the AOWC has been added after 300 km to
convert the channel at 1554.13 nm into a new ITU wavelength
at 1560.61 nm, using a 24-dBm power of fundamental wave at
1557.36 nm and thus generated pump wavelength at 778.68 nm.
A proper amount of chromatic dispersion at the receiver side
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(just after the channel selection) has been added for the con-
verted channel over both G.652 and G.655. First, for the propa-
gation over G.652 fibers, the received optical eye diagram of the
converted channel is reported in the inset of Fig. 8. The eye dia-
gram obtained from converted channel is quite similar to that of
the unconverted ones. This similar behavior is well confirmed
by the BER measurements reported in Fig. 8. No evidence of
penalty for the converted channel with respect to the uncon-
verted ones has been found.

The same analysis has also been performed for transmission
over G.655. In the inset of Fig. 9, the optical eye diagram of the
converted channel at the receiver side is reported. Again, con-
verted waveform does not present any anomalous shape with
respect to the unconverted channels, and the wavelength con-
version does not add penalty to the system without AOWC, as
shown in Fig. 9.

V. CONCLUSION

In this paper, wavelength conversion and rerouting along an
embedded link located between Rome and Pomezia has been
demonstrated. The conversion has been realized by means of
a PPLN all-optical wavelength converter. Thanks to a compact
polarization-independent scheme, the AOWC has become more
suitable for the transmission and the emulation of an OXC node.
The field trial has been carried out over both G.652 and G.655
fibers along a5 x 100 km WDM link operating at 40 Gbit/s. The
excellent operation of this OXC node has been demonstrated
without the aid of any error-correction code. This experiment
seems to be another step toward the feasibility of the optical
transport networks.
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