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Wideband Optical Phase Conjugator using HNL-DSF in WDM
Systems with Path-Averaged Intensity Approximation Mid-Span
Spectral Inversion
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ABSTRACT

We investigated the optimum pump light power compensating distorted WDM signal due to both
chromatic dispersion and self phase modulation (SPM). The considered system is 3x40 Ghps intensity
modulation direct detection (IM/DD) WDM transmission system with path-averaged intensity
approximation (PAIA) mid-span spectral inversion (MSSI) as compensation method. This system
have highly nonlinear dispersion shifted fiber (HNL-DSF) as nonlinear medium of optical phase
conjugator (OPC) in the mid-way of total transmission line. We confirmed that HNL-DSF is an useful
nonlinear medium in OPC for wideband WDM transmission, and the excellent compensation 1s obtained
when the pump light power of HNL-DSF OPC was selected to equalize the conjugated light power
into the second half fiber section with the input WDM signal light power depending on total
transmission length. By this approach, it is verified the possibility to realize a long—haul high capacities
WDM system by using PAIA MSSI compensation method, which have HNL-DSF OPC with optimal
pump light power depending on transmission length.
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. Introduction

In long-haul and high bit-rate optical fiber
communication systems using of erbium-doped
fiber amplifier (EDFA)[1], optical pulse distortion
due to the wavelength dispersion and Kerr effects
in fibers limit the optical transmission capacities.
Various approaches have been proposed to compen-
sate these pulse distortions[2],[3] and systems
using an optical phase conjugator (OPC) are also
one of the approaches[4],[5].

A wavelength convertor is one of the key
components for enhancing the capacities and
flexibility of future wavelength division multi-
plexing (WDM) systems. In WDM systems with
OPC as wavelength convertor and pulse distortion
compensator, channel signals have to be converted
into the phase conjugated lights as a whole.
Therefore OPC in the mid-span transmission line
has to have the same bandwidth as that of the
EDFA used.

It is difficult to use conventional dispersion
shifted fiber (DSF) as a nonlinear medium for four
wave mixing (FWM) generation in OPC. Because
the generation efficiency of FWM is drastically
changed depending on the wavelength separation
between the signal and pump lights nearby the
zero dispersion wavelength (ZDW) of DSF. In
order to solve this problem, OPC using highly
nonlinear dispersion shifted fiber (HNL-DSF) is
proposed by Watanabe et all6].

Also self phase modulation (SPM) compensation
by OPC is limited by the asymmetry of the
strength of the Kerr effects along the fiber with
respect to the OPC position. To reduce this
influence a method using path-averaged intensity
approximation (PAIA) mid-span spectral inversion
(MSSI) was proposed[7],[8]. It is predicted that
the variation of compensation depends on the
variation of a conjugated light power into second
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half fiber section because of a fluctuation of pump
light power in OPC. But this effect on the PAIA
MSSI is not evaluated numerically or experi-
mentally up to now.

We investigated optimum pump power of
wideband OPC using HLN-DSF, which have to
best compensate for pulse distortion in 3x40 Ghps
WDM systems with PAIA MSSI. We use the
split-step Fourier numerical simulation. And we
use eye-opening penalty (EOP) in order to
evaluate the efficiency of waveform distortion
compensation. In order to simplify the analysis we
neglect the cross phase modulation (XPM) of
WDM channels. That is, we take account of the
chromatic dispersion and SPM of WDM channel
signals, since FWM can be suppressed in practical
systems using the scheme such as the unequal
channel spacing[9)].

II. Wideband OPC using HNL-DSF

The OPC used in the WDM systems must have
a flattened conversion characteristics over the
bandwidth of systems. The flattened FWM
generation efficiency is the key point to realized
the wideband OPC because of using FWM to
obtain optical phase conjugated lights.

The flattened FWM generation efficiency will is
expected by using HNL-DSF. If it is possible to
convert different wavelength signals over wide
bandwidth in a lump by using such fibers, it can
be expected to apply the OPC for WDM systems.

HNL-DSF (Z,)

Pump LD

Fig. 1. Optical phase conjugator using highly-

nonlinear dispersion shifted fiber.
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Fig. 1 shows the configuration of the OPC
using HNL-DSF. The signal A, with the
wavelength A, propagated in the first half fiber
section is filtered by an optical band pass filter
(OBPF), and the signal light will be coupled with
the pump light of the wavelength A, The
coupled light is injected into HNL-DSF with the
ZDW A, and consequently the FWM lights are

generated. The wavelength of the obtained phase
conjugated light is A, = 1/(2/x,—1/A). The
light is filtered by OBPF, and the output light is
amplified by the EDFA and launched into the
latter half of the transmission line. Unlike the
conventional OPC, the signal light is not amplified
by the EDFA in the front of OPC. The ripple of
conjugated light wave is reduced by this OPC
configuration.

The conversion efficiency 1, is defined as a ratio
of the FWM product power to the input probe
(signal) power. The output power of the FWM
product is calculated by the following
equations[10].

Py = v P{L)exp(—az)Lim (1)

1 — exp(—a,z,)

L —
eff a

()

o

Table 1. HNL-DSF OPC parameters.

Parameter Symbol Value
HNL-DSF loss a, 0.61 dB/km
HNL-DSF nonlinear

1, 1
coefficient Yo 204 W km

Pump light power P, 187 dBm

HNL-DSF length z, 0.75 km
HNL-DSF ZDW Ay 1550 nm

Pump light N 15495 nm,
wavelength b 15470 nm
HNL-DSF dapD,

dispersion slope d\ 0032 ps/nm/km
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L., and AR are effective interacting length

and phase mismatch parameter, respectively. The
HNL-DSF OPC parameters in our calculation is
summarized in Table 1.

The calculated value of n using Table 1
parameters 1s plotted in Fig. 2. The highest n
obtained is 2.38 dB. The 3-dB bandwidth is 31 nm
(1534~1560 nm), 12 nm (1541~1553 nm) in
HNL-DSF OPC with 15495 nm, and 15483 nm
pump light wavelength, respectively. The 31 nm
bandwidth is corresponding to cover almost entire
gain band of EDFA.

M. Simulations and Evaluations
3-1 Simulation Modeling
The numerical analysis begins with the non-

linear wave propagation equation[11]. The evolu-
tion of the j-th signal wave of WDM A4 ; is des-

cribed by

— %, =1548.50m
—— % =1547.0nm

Conversion Efficiency [dB]

i 40Gbps, &, =1550nm,
2, =750m, P =18.7dBm

T T T T T
1520 1530 1540 1550 1560 1670 1580

Signal Wavelength [nm]

Fig. 2. The calculated value of conversion efficiency.
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The parameters and symbols are as following. a

© attenuation coefficient of the fiber, A; : j-th

channel signal wavelength, B,; : fiber chromatic
dispersion parameter, B5; : third-order chromatic
dispersion parameter, Y, : nonlinear coefficient, 2
. fiber dispersion parameter, ¢ : light velocity, n,
: nonlinear refractive index, A, fiber effective
cross section, v, © the group velocity, dD/d\ :
dispersion slope.

We use the unequal WDM channel spacing
proposed by F. Forghieri et al[9] in order to
suppress the crosstalk due to FWM effects. The
WDM channel signal wavelengths are 1550 nm,
15530 nm and 15558 nm, respectively. The
simulation model is presented in Fig. 3 and the
simulation parameters in this paper 1s summarized
in Table 2, respectively.

3-2 Procedures of evaluation

The compensation of pulse distortion due to the
chromatic dispersion is achieved by equalizing the
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Table 2. Simulation parameters.

Parameters Symbol & value
) Rb = 120 Ghps
Bit rate (=3x40 Ghps)

Tx | Waveform NRZ super-Gaussian (m=2)
Pattern PRBS 27 (128 bits)
Chirp 0
Type conventional DSF
Loss a;=ay= 02 dB/km
Total length variable (L; = Ly)
Dispersion Di = Dy = 0.1 ps/nmvkm

F | coefficient

1| Nonlinear N

b1 refractive n, = 2.36x10 % km*’/W

€ | coefficient

r .

Effe.ctlve core A =50 umz

section

Number of b

FDFA variable

EDFA spacing | /= 50 km

T PIN-PD with
ype EDFA pre-amp

EI?FA. = B

noise figure

Rx -

Optical 1 nm
bandwidth

Receiver

bandwidth 065Rs

s

OopPC

o e

total dispersion of both fiber section, that is
D\L,=D,L, m PAIA MSSI method. Since
the basic parameters in DSF1 and DSF2, that is
the fiber section length, attenuation coefficient,
EDFA spacing length, and the nonlinear coefficient

are setting to equal each other in this approaches,

Iy

Receiver

! DSF 1 length L+ !

c
Receiver

A A

DSF 2 length L2

Fig. 3. Simulation model
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compensation of pulse distortion due to SPM 1is
also achieved by equalizing the phase conjugated
light averaged—power into the second half fiber
(P.(0)) with the input signal averaged-power

into first half fiber ( £0)) as following,
P0)=P.0) 6)

But it is difficult to analytically verify the
satisfaction of eq. (6) in PAIA MSSI because the
conjugated light wave power is not presented with
the signal light power. Initial conjugated light
power magnitude depends on the pump light
power in OPC. Therefore eq. (6) is satisfied only
in special pump light power, and it is predicted
that the best compensation will be achieved at this
pump light power.

In order to verify the compensation degree
depending on the variation of pump light power
and the compensation condition of eq. (6), we

define the power conversion efficiency n, as

following
n, = P0) | PO @)

The evaluation criterion is the 1 dB EOP. And
evaluation procedures are following. First, we
evaluate the power conversion efficiency and EOP
dependence on the fluctuation of pump light power
in OPC for the various transmission length. Second,
we evaluate EOP dependence on the variation of
mput signal light power in 3x40 Gbps WDM
systems for the various pump light power of OPC.
And then we exam the eye diagram analysis in
the various cases.

IV. Results and Discussions

Fig. 4 shows EOP as a function of the pump
light power for several transmission length when
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the fiber dispersion coefficient is 0.1 ps/nm/km,
input signal light power is 3 dBm and signal light
wavelength is 1550 nm (CH. 1 wavelength),
respectively. As shown in Fig. 4, the ranges of
pump light power for an excellent compensation
with performance less than 1 dB EOP becomes
narrower as the transmission length becomes
longer. In other words, it is necessary to
determine a exact pump light power in the
long-haul transmission systems for optimal
compensation. And it is found that the magnitude
of pump light power obtaining the minimum EOP
becomes gradually smaller as the transmission
length becomes gradually increased.

40Gbps, Ps = 3dBm
D = 0.1ps/nm/km § "
|

—e— L= 100km
—0— L= 300km
—A— L= 500km
~~~~~~~ - { —o— L =1,000km
—v— L =1,600km
=2,000km

EN

w
L

Eye Opening Penalty [dB]
N

0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Pump Light Power [dBm]

Fig. 4. Eye opening penalty dependence on the
pump light power fluctuation in OPC.

w

Power Conversion Efficiency, n,
)

y T f T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23

Pump Light Power [dBm]

Fig. 5. Power conversion efficency dependence on the
pumplight power fluctuation in OPC.
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Fig. 5 shows the power conversion efficiency as
a function of the pump light power. The same
power conversion efficiency is resulted regardless
of the transmission length variation. The pump
light power resulting an unity power conversion
efficiency (n,=1) is 187 dBm. As comparing

Fig. 4 with Fig. 5, it is found that the minimum
EOP is presented at the pump light power higher
than 187 dBm in the transmission length shorter
than 500 km and at the pump light power lower
than 187 dBm in the longer than 1,000 km,
respectively.

We think that these phenomena are induced by
the reduction of total cancellation, which 1is
generated by the interaction of phase modulations
(PM) caused by a chromatic dispersion and PM
caused by SPM, respectively. And, consequently,
the total PM cancellation becomes decreased as the
transmission length becomes increased.

Fig. 6 shows EOP as a function of the input
signal light power for several pump light power
when the fiber dispersion coefficient is 0.1
ps/nm/km, pump light wavelength is 15495 nm in
1,000 km 3x40 Gbps WDM system, respectively.
First, we confirm that from a standpoint of 1 dB
EQOP criterion, the power penalty over all the

A, =1549.5nm, D=0.1ps/nm/km

—»— CHI1 (A=1550.0nm)}
—=— CH2 (A=1553.0nm)
—a— CHI(=1555.8nm)

P /
/ y
Pp = 18.7dBm %

Eye Opening Penalty [dB]
N

Input Power [dBm]

Fig. 6. Eye opening penalty dependence on the input
signal light power variation in 1,000 km 3x40
Gbhps WDM system.
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Fig. 7. Eye diagrams of received WDM signal having

1 dB EOP.
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WDM channels is less than 0.1 dB at 187 dBm
pump light power, and the power penalty is less
than 1 dB in the other pump light power. From
this result in Fig. 6, HNL-DSF is an useful
nonlinear medium if input signal power range was
selected In concern with pump light power in
OPC. For example, WDM channel signal light
power have to be selected lower than 1.5 dBm if
the pump light power was 159 dBm.

But as shown in Fig. 5 though the best
compensation of every WDM channels is achieved
at 18.3 dBm pump light power in OPC alike the
result in Fig. 4, when pump light power is only
187 dBm the impartial compensation of whole
WDM channels (within the 0.1 dB power penalty)
is achieved. This result is also confirmed through
Fig. 7, which showed eye diagram of various
received signal having 1 dB EOP.

As shown in Fig. 7, it is found that only when
the pump light power is 187 dBm the excellent
compensation is achieved with minimum jitter and
minimum waveform distortion in comparison with
the other pump light power.

From the above results, the important point to
be confirmed is that HNL-DSF is very useful
nonlinear medium for wideband OPC in PAIA
MSSI method, while the exact pump light power
should be selected in order to equalize the
conjugated light power into the second half fiber
section with the input WDM signal light power.

V. Conclusions

We discussed WDM transmission systems based
on PAIA MSSI compensation method. This WDM
transmission system has OPC using HNL-DSF in
the mid-way of total transmission line.

We confirmed that HNL-DSF is an useful
nonlinear medium by appropriate selecting the
input signal power ranges concerned with pump
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light power in OPC. But in order to achieve the
excellent compensation the pump light power must
be selected to equalize the conjugated light power
into the second half fiber section with the input
WDM signal light power depending on total
transmission length. This fact imply that it is
needed to accurate establish the pump light power
in relation to the transmission length, bit-rate, and
channel capacity variations.

Consequently, by this approach, it is verified the
possibility to realize a long-haul high capacities
WDM system by using PAIA MSSI compensation
method, which have HNL-DSF OPC with optimal
pump light power depending on transmission length.
But we did not consider the influence of accu-
mulated spontaneous emission (ASE) noise and
XPM. As future task, the influence of ASE noise
and XPM on PAIA MSSI compensation method
should be evaluated for extending the transmission
capacities in the long-haul WDM system.
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