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This report summarizes the work we have done for the project “Passive Optical Ring
Networks for Metro Applications (1) — Sub-project 4: The Design and Construction of the Central
Node for POR Networks (1).” The research efforts in the first year include the following parts.
First, we constructed the proposed phase | central node. Second, we investigated methods to
increase transmission distance of passive optical ring networks by Raman amplifiers. Last, we
studied other optical network related topics, including wavelength router and capacity increase
by polarization diversity technique.
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CONTENTSOF THE REPORT (3£ & p %)
I. FOREWORD (% %)

In this report, we will summarize the results of the project “Passive Optical Ring Networks
for Metro Applications (1) — Sub-project 4: The Design and Construction of the Central Node for
POR Networks (I).” The report is organized as follows: Section Il states the research goal of this
project, Section Il discussed the related work in the literature, Section IV describes the
approaches we have taken for this project and discusses the results, and Section V concludes the
report. We will leave the discussion of the relations between the research goals and our work in a
later “Self-Evaluation” section (Section 0).

Il. RESEARCH GOALS (7 % B )

As stated in the proposal, the research goals of this sub-project and the integrated project
are:
(i) To investigate the building blocks in the central node of a POR network.
(if) To study methods to optimize the performance of a central node in order to support longer
reach, higher capacity, and more dynamic traffic.
(iii) To demonstrate a working POR network specifically designed for densely populated cities.
(iv) To study various protection schemes and the way to implement them in a POR network
test-bed.

I11. LITERATURE INVESTIGATION (= }fkf;;%v})

The research efforts are separated into three parts (see below). We will mention and discuss
the related research work in the literature for each part in the corresponding sections.

IV. RESEARCH APPROACHES (# 3 * /) AND RESULTS AND DISCUSSIONS (% % ¢
#ih)

In this year, we (i) constructed the proposed phase | central node, (ii) investigated methods

to increase transmission distance of passive optical ring networks by Raman amplifiers, and (iii)

studied other optical network related topics, including wavelength router and capacity increase

by polarization diversity technique. The research approaches as well as results and discussions
for each part of the research efforts will be presented in the following sub-sections.

A. Construction of Phase | Central Node

Figure 1 shows the proposed central node architecture. The area enclosed by thick gray
lines is the part that we planned and did finish constructing during this year. The major
components include wavelength multiplexer and demutiplexer, switches, and EDFAs. All the
components were individually tested and characterized. Programs were written to control every
component (if applicable) through either RS232 or National Instrument data acquisition
interfaces. The control programs are written in Visual Basic 6.0 for its popularity and wide
availability. Integration of the components depends strongly on the network design and is still
on-going.
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Figure 1. Various models of Raman response function.

B. Raman Amplification for POR Networks

We have proposed to increase the transmission distance of POR Network to 200 km by
several techniques. One of them is the use of Raman amplification. In this year, we have studied
Raman amplification in order to properly design the Raman amplifier.

Raman amplification (RA) in the distributed form is a well-known technique to improve
system OSNR. The OSNR improvement could potentially extend the transmission reach,
increase the capacity, and/or level the channel performance across a broad signal band. In order
to design the Raman amplifier properly, we have to understand both the influence of different
pumping schemes and the impairments caused by RA.

Several pumping schemes for RA have been proposed and studied. They include:

(i) Counter-pumping. In this scheme, the pump and signal travel in the opposite directions.
Counter-pumped Raman amplification is preferable because the relative intensity noise (RIN)
transferred from pump to signal is less than that of co-pumped Raman amplification [1].

(if) Co-pumping. In this scheme, the pump and signal travel in the same direction. Recent studies
show that combining co-pumped Raman amplification with counter-pumped Raman
amplification helps to increase optical signal-to-noise ratio (OSNR) [2,3].

(iii) Higher-order pumping. This scheme uses an additional wavelength to pump the “pump”. In
[4], it is shown that this scheme can overcome the high loss and to improve the OSNR of 200-km
fiber spans, at least twice the conventional span length in terrestrial systems. It was also shown
that a high co-pumping Raman gain of 14.5 dB (limited by the available Raman pump power)
provided optimum system performance to achieve 2400-km reach.

Note that there may be other variations to the above schemes and the schemes can be combined
to improve the system performance.

Amplified spontaneous noise (ASE) is common to all kinds of optical amplifiers. However,
RA can further impair the transmission performance because of the transient nature of the Raman
effects. During the amplification process, non-ASE noise will be added to the signal in addition
to the Raman gain and ASE noise. In the literature, some of the noise terms are called crosstalk
or something else, but fundamentally they can be all treated as *“noise” when analyzing the
performance. In the following, we will use the two terms “noise” and “crosstalk” interchangeably.
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The additional noise can be categorized into the following five types:

(i) Signal-to-signal crosstalk. In high-capacity broad-band systems, with WDM signal
bandwidths exceeding tens of nanometers, stimulated Raman scattering between the signals
causes power to be transferred from the shortest to longest wavelength channels. Therefore, all
wavelengths are affected by other wavelengths, while the short wavelengths experience
additional loss. Note that this type of crosstalk exists even without Raman amplification.

(if) Pump-to-pump interaction. The same interaction as (i) could also happen between the pumps.
It reduces the penetration depth for the shortest wavelength pumps, further degrading the span
noise figure at short signal wavelengths. The longest wavelength pumps, on the other hand, are
amplified and so penetrate deeper into the span, improving the noise figure for the longest
wavelength channels.

Effects (i) and (ii) lead to an OSNR tilt across the signal band with the worst OSNR at
shortest wavelengths and the best at longest. Consequently, system performance suffers because
system limits are set by the worst channel.

(iii) Pump-to-signal crosstalk. The relative intensity noise (RIN) carried by the pump will be
transferred to the signal through the amplification process. This is more serious for co-pumped
RA than for counter-pump RA because the noise transfer is accumulated in co-pumped RA while
averaged out in counter-pumped RA.

(iv) Cross gain modulation, or signal-pump-signal crosstalk. XGM originates from the
modulated data signals. Refer to Figure 2, the modulation impresses noise onto the Raman pump
through pump depletion. The Raman pump (even if considered a perfectly noise-less pump)
becomes "noisy". The noise on the pump can be transferred to the signal through Raman gain.

Pump-signal crosstalk can be minimized by improving the pump characteristics [5].
However, cross gain modulation (XGM) is a pump-mediated crosstalk, and is therefore intrinsic
to Raman amplifiers in multi-channel transmission systems.

(v) Rayleigh scattering. For long chains of distributed amplifiers, Rayleigh scattering affects the
system performance in two ways: single-pass reflection of backward traveling noise into the
forward direction leads to a noise figure degradation; double reflection of signal leads to
crosstalk arriving at the receiver together with the signal.

Note that there are still other types of impairments other than the above four types.
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Figure 2. Simplified illustration of XGM in a co-pumping Raman amplifier (Sl and S2 are signals).

From our studies, we have identified several pumping schemes worth investigating further.
These schemes aim to solve one or some of the impairments outlined earlier. The schemes are
listed below:

(i) Combined co- and counter-pumping. One method to increase the OSNR, while compensate
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for the above-mentioned OSNR tilt, is to preferentially co-pump the shortest wavelength
channels [6]. However, the price paid is the two impairments associated with co-pumping Raman
amplifiers: pump-signal crosstalk and cross gain modulation.

(ii) Combined forward higher-order pumping and backward pumping. In this scheme, additional
pumps are added at wavelengths one or more Stokes shifts below the conventional, first-order
pumps [7]. The forward higher-order pump moves gain forward in the span and improves the
span noise figure, while avoiding the direct RIN transfer from pump to signal in the case of
first-order co-pumping.

(iii) Time-division multiplexed (TDM) Raman pumping. A way of overcoming pump-to-pump
Raman interactions is to use pump time-division multiplexing (TDM), where different pump
wavelengths are temporally separated. In pump TDM schemes, each pump wavelength is
modulated out of phase with respect to the other ones in order to lower or cancel out interpump
interactions [8]. However, the required higher pump power peaks potentially will cause higher
amplified spontaneous emission (ASE) and Rayleigh scattered than with CW pumping [9].

(iv) Wavelength sweeping. Another possible technique to address the pump-to-pump interaction
issue consists in using a tunable single-wavelength pump laser that is swept over a wavelength
path [10]. The pumping scheme uses one laser (or two more-or-less identical lasers, polarization
multiplexed together), with steady (dc) current drive but whose wavelength is continually and
periodically scanned to produce the desired flat gain band. This has the advantages of simplicity
and of resolution limited only by the bandwidth of the wavelength-scanning drive electronics

During this year, we are in the process of developing an in-house Raman design and
simulation tool that can cope with issues of various pumping schemes. The system performance
with the designed Raman amplifier is verified by commercial optical communication simulation
tool OptiSystem®. In order to confirm the accuracy of this performance-verification tool, we use
OptiSystem® to investigate the system impact of XGM in bi-directionally pumped, 200-km
Raman amplified spans, which could be a possible scenario of our network. The results are then
compared to real experimental results [11].

Refer again to Figure 2, the figure gives a qualitative description of the important
parameters affecting XGM: the signal modulation characteristics, the Raman pump depletion, the
Raman gain and the crosstalk bandwidth determined by fiber dispersion. For a given
transmission fiber, the smaller the pump depletion and the Raman gain, the smaller the XGM is.
As a result, it is preferable to use low gain in co-pumping Raman applications. For the design
purpose, we are interested in not only qualitatively, but also quantitatively how much system
penalty XGM causes for different co-gain levels and how much this penalty depends on different
fiber characteristics. To address this issue, we built a simulation project to measure the system
impact of XGM at different co-gain levels and under different fiber characteristics. The setup and
results of the former issue will be presented below, while the studies of the latter issue are still
on-going.

As shown in Figure 3, we simulated a C-band WDM systems. A total of 14 channels in the
range of 192.4~193.7 THz (1547.72~1558.17 nm) with 100-GHz spacing were used. The
bit-error-rate (BER) of the center channel at 193 THz was measured, and the two adjacent
channels on each side of the center channel were turned off (see Figure 4) to minimize the effects
of other types of fiber nonlinearities such as cross-phase modulation (XPM) and four-wave
mixing (FWM). This left ten active channels. The signals were multiplexed and modulated with
a non-return-to-zero (NRZ) pseudo-random bit sequence (PRBS) of 2*'-1 length at 10 Gb/s. A
pump laser with center wavelength of 1447 nm was used as a co-pump. Practically,
polarization-multiplexed lasers are commonly used to avoid polarization dependent gain and to
provide higher pump power. In our simulation, since there was no pump laser power limitation,
only one pump laser was used. The polarization dependency was left as another topic to study in
the future. Another pump laser with center wavelength of 1465 nm was used to maintain 22-dB
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counter-gain for all measurements. A white light laser was added before the receiver to adjust the
optial signal-to-noise ratio (OSNR). The receiver’s 10”° BER sensitivity and the corresponding
OSNR after the preamplifier (hereafter called "required OSNR") were measured.
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Figure 3. Simulation set-up for measuring XGM in 200-km fiber spans.
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Figure 4. Signal spectrum of the transmitter.

The difficulty in determining the XGM impairment is the existence of other types of system
impairments. As mentioned above, one method we adopted was to turn off adjacent channels.
tried to isolate XGM from the other system impairments. To consider further, as we know, the
integrated nonlinear phase is approximately proportional to the signal path-average power in the
transmission fiber. Therefore, we used our Raman design and simulation tool to iterate the signal
input power for different Raman gains until we reached the same signal path-average power
which equals to -6.6 dBm/ch. By keeping the signal path-average power constant at the different
co-gain levels, any nonlinear impairment would be approximately the same. From the calculation,
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the signal power launched into the Raman amplified span must be lowered as the co-gain is
increased.

In addition to the launch power, we wanted to isolate the changes in XGM at different
co-gain levels from differences in OSNR. In our simulation, the white light laser was adjusted to
maintain an initial OSNR of 20 dB (the OSNR would degrade as we increase the VOA
attenuation to measure the sensitivity) before the receiver input at different co-gains. This was
necessary because higher Raman gain will improve the transmission OSNR.

Figure 5 shows our simulation result. The results are consistent with the experimental data
from [11]. They show that as the co-gain increases, the required OSNR increase, too, indicating
an increase of XGM impairment. They also suggest that there is a trade-off between the OSNR
improvement and XGM impairment, providing an optimization criterion for Raman amplifier
design. We will continue this part of research by studying the fiber characteristics and
polarization issues.
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Figure 5. Required OSNR at 10-9 BER at different co-gain levels.

C. Other Optical Network Related Topics

Two additional optical network related topics are investigated in this year. The first one is
wavelength router, which is an enabling technology of active optical networking functions.
Although active optical networking functions are not adopted in our proposal, it is a
wide-spreading technique in other types of optical networks. There are many possible ways to
implement wavelength routers and wavelength conversion is one of them. We studied parametric
wavelength converters (PWCs) based on nonlinear dispersion-flattened fibers (NL-DFFs) with
two zero-dispersion wavelengths. We optimized the dispersion profile by two simple parameters:
the separation of two zero-dispersion wavelengths and the maximum dispersion. We also studied
PWCs based on hybrid-fiber optical parametric amplifiers (OPAs). We systematically studied the
stability of gain-flatness under variation of key design parameters. This analysis helps to improve
the hybrid-OPA design for practical uses. Part of this work was submitted and presented in
CLEO/PR 2005 [12]. This work also results in a master student’s thesis [13]. The CLEO/PR
paper will be attached as an annex of this report.

The second topic we are interested is the increase of transmission capacity by polarization
diversity technique. This technique transmits simultaneously two data symbols in the two
orthogonal polarizations of one wavelength. By taking advantage of the fact that in single-mode
fibers, two orthogonally polarized lights will maintain their orthogonality during propagating. To
be more specific, under first-order PMD assumption, the SOPs of different input lights will
maintain their SOP relationship. Theoretically this can double the data rate in spite of the
existence of PMD effects. Figure 6 shows the block diagram of the proposed transmission
diversity scheme. The data sequence to be transmitted is split into two subsequences bit by bit.
One is called S1 and the other S2 respectively. These two sequences are synchronized and
transmitted by two separate transmitters and combined optically by a polarization beam
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combiner (PBC) to form different SOP at the fiber input. At the receiver, the combined light after
propagating through the fiber is split by a polarization beam splitter (PBS). The two outputs are
fed into the decision block and the output SOPs are analyzed and determined.

A\ J

— I -
)

Figure 6. Block diagram of the transmission diversity scheme.

The detection process is initialized by sending a pilot sequence: 00|10|01|11, which coveS lll
possible (S1, S2) combinations. The decision block will record the output SOPs corresponding to
each (S1, S2) combinations and translate them into Jones vectors J1~J4, respectively. Following
the pilots, the data sequence is transmitted. As described above, the sequence is split and one pair
of bits forms a symbol in this case. At the receiver, the output SOPs of the transmitted symbols
will also be converted to Jones vectoSQhegcc iver&@rm 1if the output SQP PJEJJZ, J3, or
J4 by the maximal likelihood algorithm. The preliminary study of this topic is summarized and
submitted to OPT2005 [14]. The OPT2005 paper will also be attached as an annex of this report.

V. CONCLUSIONS

In the first part of our work, we have characterized the necessary component d
constructed a central node for passive optical ring (POR) network. In the second part of our Work,
we have studied different pumping schemes and system impairments of Raman amplifiers. We
have also developed a design and simulation tool based on Raman rate equations, and used a
system simulation tool verify the amplifier performance. In the third part of our work, we studied
two other optical network related topics. First, we optimized the dispersion profile for
wavelength converters based on parametric amplification. We also systematically studied the
stability of gain-flatness of hybrid-OPAs, which can also be used for wavelength converter.
Second, we studied a potential capacity enhancement technique by transmission diversity using
different polarization states.

We will continue the above work for the second year.
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SELF-EVALUATION (3* % = % p )

As stated in the proposal, the research goals of this sub-project and the integrated project
are:
() To investigate the building blocks in the central node of a POR network.
(if) To study methods to optimize the performance of a central node in order to support longer
reach, higher capacity, and more dynamic traffic.
(iii) To demonstrate a working POR network specifically designed for densely populated cities.
(iv) To study various protection schemes and the way to implement them in a POR network
test-bed.

Our first part of work partially fulfills goal (i) and (iii). Our second part of work fulfills goal (ii).
The work is still on-going. We have initialed tasks for (iv), the results will be included in the
report of next year.

In conclusion, we have fulfilled the goals of this project. The work is still on-going and we will
publish related results in the international journals in the future.



