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Theoretical Investigation of 8 10-Gb/s WDM Signal
Transmission Performance Based on Gain-Equalized
SOAs Using Backward Raman Pumping at DCF

Sub Hur, Jeongyun Ko, Inkyu Le®lember, IEEEY. S. Kim, Member, IEEEand Jichai Jeongenior Member, IEEE

Abstract—We have theoretically investigated 8 10-Gb/s wave- tilts can be adjusted by changing the Raman pumping power
length-division multiplexing (WDM) signal transmission charac- and wavelength. In WDM transmissions, the Raman stage can
te”St'l‘.:s gas‘;g Sgi;erg;ggr'ggcggrﬁgé";%alrigggft'igf ((SSQS)GV\Q;E be easily implemented by inserting an appropriate pump laser
equalize . .
egualizatio% and Iowgnoise figures have begn obtained by adjusting diode to the I.DCF module placed at ez?lch span.
the backward Raman pumping power and wavelength at a disper- N OUr previous work [7], we theoretically reported the trans-
sion compensating fiber (DCF) for each span. Bit-error-rate char- mission performance of WDM signals in cascaded conventional
acteristics were calculated for 8x 10-Gb/s WDM signal trans- SOAs. In this paper, we extend the work to equalize the gain of
mission over 6 x 40-km single-mode fiber (SMF)+ DCF links  each channel and improve the noise figure using DRA. We nu-
‘é"'éh d%a'ir;gggf;'éiitsgﬁﬁeusrgncgeiegA:eﬁ;iﬁﬁt'; V’?‘Iggrgﬁ'}f]‘i’:\fgg’ t?y merically solve steady-state coupled Raman equations for the
using SOAs and DRAs with optimized Raman pumping. One can back_ward_pumplng for the single-mode flb?r .(SMF) DCF
easily upgrade the transmission length of a link based on SOAs configuration. Then, we calculate the transmission performance
with an appropriate backward pump laser at each DCF. of 8 x 10-Gb/s WDM signals displaced the wavelengths of 30

Index Terms—Optical communication, Raman amplifier, and 50 nm from the gain pgak of SOAs using Cascaded.SOAs up
semiconductor optical amplifier (SOA), wavelength-division 10 6x 40-km SMF+ DCF with a backward Raman pumping. At
multiplexing (WDM). each span, we adjust the backward pump power and wavelength
to achieve gain equalization and a low effective noise figure.

The rest of this paper is organized as follows. In Section Il,
we theoretically describe the numerical model of Raman am-

EMICONDUCTOR optical amplifiers (SOAs) are prospecplifications. Section |1l shows the transmission performance of
Stive devices for optical fiber transmission systems due fbx 10-Gb/s WDM signals with and without optimized Raman
their compact size, ultrawideband gain spectrum, integratipnmping for different wavelength displacements. For the best
with other devices, and low cost. Many experimental results géin flatness and noise figure, optimum backward pumping con-
SOAs as inline amplifiers [1], [2], optical preamplifiers to reditions are obtained at each span. Finally, conclusions are given
ceiver [3], switch fabrics [4], and wavelength converters [5] have Section IV.
been reported. Recently, there has been interest in using SOAs
as a booster amplifier for regional metro wavelength-division-  |I. GAIN EQUALIZATION USING RAMAN AMPLIFIER

multiplexed (WDM) networks due to their possible low cost. e .
SOAs, however, have inferior characteristics compared with er—We used the modified transfer matrix method (TMM) based

bium-doped fiber amplifiers (EDFAS) as follows: fast gain dy9n adynamic SOA.m(.)de! [8] to calculate gmplified optical pulse
veforms and chirping in SOAs by solving the pulse propaga-

namics give rise to a distortion of pulse shapes, and nonsymmbg: _ : Vi :
rical gain profiles lead to an unequal gain of each channel. SOJQ! equations and rate equation. Amplified spontaneous emis-

themselves have relatively high noise figure-@dB). These SION (ASE) noise power was obtained from [9], and the longi-
inferior characteristics of SOAs can be improved using discreféinal variation of the-parameter was considered in our sim-
Raman amplification (DRA) at dispersion compensating fipaHation. However, we did not cons@er nonllnea}r effects such as
(DCF) in the links. the four-wave mixing (FWM) effect in SOAs, since there were
Fiber Raman amplifiers can be used for improving optic&egligible increases in the links [2].

signal-to-noise ratio (OSNR) and extending gain bandwidth [6]. The Raman amplifier model was included in the wave-
Because WDM signals propagating a fiber experience gain tilghgth-dependent fiber attenuation, Rayleigh backscattering,
due to the energy transfer to longer wavelengths, the Ran&iinulated Raman scattering with forward and backward prop-
process also can be used to compensate gain tilts in transra@ating signals, spontaneous Raman scattering from forward
sion links based on SOAs. The compensation amount of g&ind backward propagating signals [10] as in
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TABLE |

MATERIAL PARAMETERS OF FIBER USED IN THE SIMULATION

SMF

DCF

Attenuation (dB/km)

0.22

0.59

Dispersion (ps/nm-km)

17

-86.59

Dispersion slope (ps/nm*km)

0.05936

-0.135

Nonlinear index (m*/W)

1.3 x10%

2.69 x 10°%

Effective core area (u m?)

78

35

Peak Raman gain (m/W)

0.5x 10"

2.0x 107"

= —a; N+ N7 + ;g’ii [P+ PN

J#i

.30 | -

.40 _

Intensity [dBm]

dN[ _ o 50 _ ]
P =+o; N7 —nN;t — Zgij [Pj+ + P; ] N; 50 I —
J#i 60 . . L
-30

- Z gijnij [P; + P}] 4)
J#i 40 7

E
whereP;", P, N, N7, a;, andn; are forward propagating 3,

signal power, backward propagating signal power, forwaz s, I
propagating noise power, backward propagating noise powg -
attenuation coefficient, and Rayleigh backscattering coef= -7° i 7
cient at the frequency, respectivelyg;; is the Raman gain |
coefficient as a function of frequency shift. The Raman ga _4,
coefficient and attenuation coefficient (fiber loss) as a functic » SOA+Raman

of frequency were used for the experimentally measured di  -2° [ 7
[11]. For all other frequencieg, ¢;; can be obtained usingg I ]
the proportional relationship of pump frequeney,; is the
noise factor [12] that considers the spectral properties of ts -4° .
spontaneous Raman scattering, and its temperature depend £ I |

.50 | —Aii -

can be expressed by I —

=50 -

.30 | -

ty [d

-60 . . \
1 1520 1540 1560 1580 1600
) Wavelength [nm]

nij =n(f;, fi) = hfié f <1 + exp (h(f; — f)/(KT)) — 1

(5) Fig. 1. Amplifier output spectra calculated from SOA, Raman amplifier, and
SOA + Raman amplifier.
where f; is the signal frequency;; is the scattered wave fre-
qguency) is Planck’s constant; is Boltzmann's constant,f is  the coupled wave equations. Relevant material parameters of
the frequency resolution, aidis the fiber temperature. fiber are given in Table I.

We performed iterative calculations numerically to solve the Fig. 1 shows amplifier output spectra calculated from each
coupled wave equations with the two-point boundary probleB0OA, DRA, and SOA followed by DRA. Shorter wavelength
for signal power and noise power. After power analysis for fochannels transfer energy to the longer wavelength channels in
ward signals and a backward pump was done, we solved the nDRA used 7.9-km DCF with the pump laser power of 150 mW at
linear Schrédinger equation with the split-step Fourier methddl80 nm. The Stokes’ shifts do not exist at about 13 THz where
[13] to consider dispersion and nonlinear effects, such as selfie peak exists in the Raman gain coefficient because it is not
phase modulation (SPM), cross-phase modulation (XPM), andcessary for the Raman stage to amplify WDM channels. The
FWM in optical fibers. For solving the nonlinear Schrédingespectrum from SOA- DRA shows that the Raman effects com-
equation, we also used the fixed power profiles calculated frgmensate gain tilts due to the SOA gain profile decreasing to the
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Fig. 2. 8 x 10-Gb/s transmission configuration using SCGA Raman Time (ps)
amplification.

@)

longer wavelength channels. The ASE noise power decrea
about 5 dB compared with that of SOAs. The use of DRA give
rise to lower the noise figure and can enhance the transmiss
length. In addition, it is possible for DRA to use DCF as a gai
medium to compensate for the chromatic dispersion from o
tical fiber transmissions.

I1l. SIMULATION RESULTS AND DISCUSSIONS

We theoretically investigated:810-Gb/s WDM transmission
characteristics using our developed simulation tools. After tlz
SMF 40-km transmission using an SOA as booster amplifiel
a backward propagating pump laser diode is placed in a 7.9-|
DCF that compensates both chromatic dispersion and gain
as shown in Fig. 2. Eight distributed feedback (DFB) lasers
wavelengths from 1550 to 1556.4 nm with 100-GHz spacir 03 , , L , , ) L
were externally modulated by 10-Gb/s LiNp@odulators with 0.0 30.0 60.0 90.0 120.0 150.0 180.0 210.0 240.0 270.0 300.0
anonreturn-to-zero (NRZ) bit stream df2ngth. Each channel
had a 5-bit delay to decorrelate the bit pattern. The SOA useua
in this simulation has a gain peak at 1520 nm and an isolator (b)
at input and output stages. One span loss is about 13 dB, &iwd3. Eye diagrams after & 40-km transmission using SOA- Raman
this is compensated by the following SOAs. We used variabgP!ification: (a) 30- and (b) 50-nm wavelength displacement.
attenuators to make the input power of each SOA-4& dBm
per channel and fiber launching power-b2 dBm per channel. wavelength of 8-channel WDM signals were displaced at 30
After the demultiplexer, the received power of each channel wasd 50 nm from the fixed gain peak wavelength of SOAs. The
the same to each other. At each span, the power and wavelemqmtimp laser had the output power of 250 mW with 1500-nm
of the Raman pump were adjusted to achieve gain flathess amerating wavelength at each DCF. The Rayleigh backscat-
low noise figure. Gain flatness was able to adjust within 0.5 dBering coefficient of DCF was assumed to b7 dB/km. As
The double Rayleigh backscattering in the Raman process was expected, small wavelength displacement induces large
neglected due to the low Raman—oFF gain, and the parallel amounts of crosstalk to signals from gain variations due to
polarization states of each channel were assumed. fast gain dynamics [14]. Rayleigh backscattered waves from

The receiver consisted of an optical preamplifier, a bandpasdackward propagating pump at DCF, caused by refractive
filter, and a pin photodiode. Bit error rate (BER) characteristidedex variations due to random inhomogeneities during fiber
for each data bit were calculated including intersymbol interfemanufacturing, also play a role in crosstalk to signals. Changing
ence (ISI), thermal noise, shot noise, signal-spontaneous befdhe gain peak wavelength can mitigate crosstalk components
noise, and spontaneous—spontaneous beat noise [13]. from wavelength displacement. Rayleigh backscattered waves

Fig. 3 shows received eye diagrams for the first channel afisannot be reduced due to their inherent characteristics. At the
6 x 40-km transmission based on SOAs using DRAs. Thautput of each DCF, Rayleigh backscattered pump power can be

gnal (Arb.Unit)

Time (ps)
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Fig. 4. Gain for SOA (closed symbols), SGARaman without optimization Fig- 5. Effective noise figure for SOA (closed symbols), SQARaman
(open symbols), and SOA- Raman with optimization (opex symbols). without optimization (open symbols), and SGA Raman with optimization

Rectangles, circles, and triangles represent the calculated gains for the fogenx symbols). Rectangles, circles, and triangles represent the calculated
and 6 spans, respectively. noise figures for the 1, 3, and 6 spans, respectively.

a reservoir channel for SOAs of the next span. These Raylie
backscattered pump waves were removed from isolators. | ]
Because the Raman gain does not perfectly compensate r &
ative gain tilts at the 50-nm wavelength displacement from tt=
SOA gain peak, it needs to optimize the power and wavelen¢ )
of the pump laser at each span. According to the Raman gain«<_
pendence to the pump power [15], we first increased the pov T
of each pump laser lasing at 1480 nm to achieve gain flatne; I - . o o
. . - £ 17 -
We could achieve optimum pump powers for the gain flatness 2

=} }

Om
Oom
o
[n]
1

each span and the effective noise figure of 5 dB. However, t g ® ° ]
effective noise figure also must be minimized at the same tir ® """ [ 4 s % g . 2 o
to achieve high transmission performance. After optimizing tt 3 2 e o °© °© "
gain flatness with changing pump powers, we then changed § or . o a . . o . } ]

pump wavelength to improve the effective noise figure. TH%
1480- and 1500-nm pump wavelengths were found to be effe '200 1' ; é :, é é 7 8 9
tive in improving the effectlve_n0|se figure fo_r 30- and 50-nn Channel number
Wavele_ngth dISp,Iaced WDM signals, respectively. . Fig. 6. Receiver sensitivities for & 40 km using SOA (closed symbols),
The increase in the number of cascaded SOAs without DRASA + Raman without optimization (open symbols), and S@ARaman
pushes up negative gain tilts (closed symbols) as shown in Figwith optimization (openx symbols). Rectangles and circles represent receiver
The use of the same pump power of 250 mW at each Spﬁqsmvmes for 30- and 50-nm wavelength displacement, respectively.
without optimization reduces gain tilts (open symbols) from 10
to 5 dB after six span transmissions. Moreover, the adjustmeise figure. Fig. 6 shows the receiver sensitivities at’IBER
of 250, 280, 290, 300, 300, and 300 mW for each pump powerfat each channel after % 40-km transmissions. The larger
each stage with optimization obtained gain tilts (opesym- wavelength displacement from the SOA gain peak brings better
bols) smaller than 0.5 dB, even though WDM channels transansmission performance, as expected. The signal-to-signal
mitted six spans using SOAs. Fig. 5 shows the calculated effecosstalk components from wavelength displacement did not
tive noise figures for cascaded SOAs without DRAs, SQAs existinthe Raman process because the coupled Raman equations
DRAs without optimization, and SOAs DRAs with optimiza- were solved in the steady state. Up to three spans, gain tilts are
tion. The effective noise figure was calculated by subtracting thegligible for both links using SOAs and SOADRAS without
output OSNR of DRAs from the input OSNR of SOAs withinoptimization. When the optimizations of Raman pumping
a span. Therefore, we could obtain a negative effective nome applied to each span, the receiver sensitivities remarkably
figure. With optimization of Raman pumping power and wavamprove due to the improvement of the effective noise figure.
length, the effective noise figure also remains a negative valueThe receiver sensitivities at 18 BER of 8 x 10-Gb/s WDM
in the decibel scale as the span length increases. signals transmitted after & 40 km are shown in Fig. 7. The
We examined the transmission performance of 80-Gb/s signals were displaced 30 and 50 nm from the SOAs gain peak
WDM signals over 3x 40 km for 30- and 50-nm wavelengthwith and without optimized Raman pumping conditions to gain
displacement from SOAs with and without optimized Ramailatness and improved effective noise figure. The deteriorated
pumping conditions to gain flathess and improved effectiveceiver sensitivities are improved by using DRAs at each
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Fig. 7. Receiver sensitivities for & 40 km using SOA (closed symbols), (6]

SOA + Raman without optimization (open symbols), and S@ARaman
with optimization (openx symbols). Rectangles and circles represent receiver (7]
sensitivities for 30- and 50-nm wavelength displacement, respectively.

span. Because the nonoptimized Raman pumping did not fullyg]
compensate the negative gain tilt from SOAs, there were degra-
dations of transmission characteristics at longer wavelength
channels, and accumulated noises dominantly influence thgg)
transmission performance. If the Raman pumping conditions
for gain flatness and improved effective noise figure are use
in DCF so that the reference wavelength exists in the center
wavelength of WDM signals, only residual dispersions affect
the transmission performance of each channel. Accumulat:[gll
crosstalk components induced from Rayleigh backscatter
waves also degrade the pulse shape. In the case of 50-nm wayey
length displacement from SOAs over640-km transmission,

the receiver sensitivities of the last channel for SGABDRAS [13]
with optimized Raman pumping improved about 2.5 dB than
that for SOAs without DRAS.

0]

IV. CONCLUSION [14]

We investigated the transmission performance of WDM
signals using SOAs and Raman amplification at DCFs with15]
a backward propagating pump. The numerical model of the
Raman amplifier was made by calculating the steady-state
coupled Raman equations with the iteration method. Using de-
veloped simulation models, the gain equalization was obtaing
by adjusting the Raman pumping power, and the effective nois
figure was then improved changing the Raman pumping wave-
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