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Abstract— The authors consider hybrid amplifiers consisting
of a distributed Raman fibre amplifier (RFA) and Erbium
Doped Fiber Amplifier(EDFA) using only one pump laser. The
pump and signal beams co-propagate in the forward-pumping
configuration. We have analyzed the performance of EDFA
and Raman Amplifier in C and L band. In this paper we have
concluded that best results are obtained using the Hybrid
amplifier, i.e. EDFA in C-band and Raman in L-Band. The
gain spectra of C+L band are flattened by optimally dividing
the pump power ratio of 1:29 for EDFA/RFA. In this paper we
determined the average gain for hybrid amplifier is 50.5dB
with the flatness of £1.5dB over the bandwidth of more than
100nm.

Index Terms-- EDFA, Gain, Hybrid amplifier, Noise
Figure, Pump Power, Raman fiber amplifier.

l. INTRODUCTION

The growing demand for higher transmission capacity in
wavelength division multiplexing(WDM) systems causes
need for upgrading channel speed, number of channels and
spectral efficiency [1]. To overcome these problems hybrid
amplifiers are playing an important role. The
characterization of the Raman+EDFA hybrid amplifier has
been performed in terms of global gain, ripple, and noise
figure.

In this paper we have investigated a hybrid C+L band
EDFA and RFA by sharing common 1480 nm pump source.
EDFA is suitable to operate at the conventional (C) band
from about 1530 to 1565 nm [2] since the entire C band of
EDFA is fully utilized. EDFA has a lower gain in the L-
band and larger noise figure (NF) than in C-band. To extend
the optical bandwidth and increase the number of WDM
channels, L-band optical amplifiers are used [3]. The long
(L) band optical amplifiers are used to operate in longer
wavelength from about 1565 to 1625 nm. The disadvantage
of L band EDFA can be overcome using L band RFA. The
overall performance, in C and L band, can be enhanced by
using both EDFA and RFA in hybrid configuration. In this
paper we analyzed the best results of hybrid amplifier
compared with the results of individual amplifier.

1. ERBIUM DOPED FIBER AMPLIFIER

An EDFA is a doped fiber amplifier, functional in the C
band and the dopant used is Erbium ions. In EDFA the core
of a silica fiber is doped with trivalent Erbium ions and can
be efficiently pumped with a laser at a wavelength of 980
nm or 1480 nm, and exhibits gain in the 1550 nm region [4],
[5]. In principle, a doped fiber amplifiers such as EDFA
depicts three energy levels.

A. EDFA Amplification

Amplification is achieved by stimulated emission of
photons from dopant ions in the doped fiber. A relatively
high-powered beam of light is mixed with the input signal
using a wavelength selective coupler. At the signal
wavelength, the pump laser excites ions into a higher energy
from where they can decay via stimulated emission of a
photon back to a lower energy level. The excited ions can
also decay spontaneously (spontaneous emission) or even
through nonradiative processes. The erbium atoms give up
some of their energy to the signal and return to their lower-
energy state. A significant point is that the erbium gives up
its energy in the form of additional photons which are
exactly in the same phase and direction as the signal being
amplified [6]. So the signal is amplified along its direction
of travel only.

B. Equations of EDFA
The gain of EDFA is given as [3],[7]:

EDFA "~ 5 5 c.p+1“+Wp

Where o, ¢, I', n, and p are the cross section for induced
emission, velocity of light, reciprocal of lifetime of charge
carrier, total population density of Er ions and photon
density respectively. Wp is the pump rate of particles which
is the product of the probability that a particle passes from
state 1 to state 3 and the transition from 3 to 2 in three level
system. Amplification occurs only when the pump rate is
larger than the rate of spontaneous emission. This is
achievable when the life time 15 is very large.
Noise figure (NF) of EDFA is defined as in [5]:
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Where G is the EDFA gain, h is the Planck’s constant, v is
the frequency of light, Avis the bandwidth and Page is the
amplified spontaneous emission power. The noise figure
(NF) can be very simply written in terms of amplified
spontaneous emission power (Pasg) exiting the fiber in a
bandwidth Av . Since the noise power is given by [5],

PASE = 2nsp.h.vh.v (G-1
Where ng, is the inversion factor which depends on the
energy levels of erbium ions.
C. Results of EDFA in C-band

Fig. 1 and Fig. 2 show the gain and NF Vs. wavelength of
EDFA for different values of pump powers, P,= 10mW, 11
mwW, 12mW and 13mW. We find the optimized gain at
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Figure 1. C-band EDFA Gain versus Wavelength
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Figure 2. C-band EDFA Noise Figure versus Wavelength
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1560nm is 44.4dB and the NF is 6.873dB, for the pump
power 13mW (11.14dBm) and the signal power 1pW (-
30dBm). As per the analysis we find the gain in C-band,
from 1530 to 1570nm, is in the range of 44.2 to 44.5dB, i.e.
the average gain is 44.35dB with a flatness of +0.15dB over
the bandwidth of 40nm by using 1480nm pump laser.
Beyond this wavelength, in L band, the gain starts to
decrease and the NF starts to increase, due to low gain
efficiency [8]. According to our results, the gain and NF
were obtained as functions of or were strongly dependent on
the pumping power, signal input power and erbium ion
density.

I1l. RAMAN FIBER AMPLIFIER

Unlike in EDFA, in RFA an amplification effect is
achieved by a nonlinear interaction between the signal and a
pump laser within an optical fiber. A distributed Raman
amplifier is one in which the transmission fiber is utilized as
the gain medium by multiplexing a pump wavelength with
signal wavelength. Stimulated Raman scattering (SRS) is a
type of inelastic scattering that results in broadband
amplification of optical channels [9]. The amplifiers
resulting from this effect are called Raman amplifiers and
have a distinct feature of amplification in a large waveband.

A. Raman Amplification

During Raman scattering, light incident on a medium is
converted to a lower frequency. A pump photon, excites a
molecule up to a virtual level (nonresonant state). The
molecule quickly decays to a lower energy level emitting a
signal photon in the process. The difference in energy
between the pump and signal photons is dissipated by the
molecular vibrations of the host material. These vibrational
levels determine the frequency shift and shape of the Raman
gain curve. For high enough pump powers, the scattered
light can grow rapidly with most of the pump energy
converted into scattered light. This process is called SRS,
and it is the gain mechanism in Raman amplification [10].

B. Equations of RFA

One of the most important parameters for Raman
amplification in any applications is the Raman effective
gain coefficient [11]. It depends not only on the Raman gain
coefficients (gr) itself but also on the effective area of the
fiber (Actr). Thus gain of RFA (Gg) is given by [12],

grPoL

GR —exp(— e ®)
A

eff
Where Py is the input pump power at L = 0 and L is an
effective length of optical fiber. The noise figure may be
simply estimated by measuring the Raman gain G and the
amplified spontaneous emission power, Pasg [13]. Thus the

NF is expressed as:
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Where h=Planck’s constant, v = frequency of light and By=
bandwidth of the optical filter. Spontaneous Raman
scattering adds to the amplified signal and appears as a
noise because of random phases associated with all
spontaneously generated photons. However, when the loss
rates at the pump, o, and signal, o, are equal (o = a5 = ap),
the ASE noise power will be evaluated analytically as [10],
[14],

G R(l 1
PASE = hVBOnT{G R -1+ P (eXp(aL) —G—)}
9R"p R

where nr is thermal equilibrium photon number.
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Figure 3. L-band RFA Gain versus Wavelength
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Figure 4. L-band RFA Noise Figure versus Wavelength
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C. Results of RFA in L-band

We find the optimum gain at 1625nm is 28.9dB (Fig. 3)
and the NF is -4.74 dB(Fig. 4), for the pump power 377mW.
As per the analysis the average gain in RFA is 28.35 dB
with a flatness of +0.55dB over the bandwidth of 60 nm,
using 1480nm pump laser in L-band. For the L band RFA
we find the optimized gain is in the range of 27.8 dB to 28.6
dB, and the noise figure is below -4.7 dB for the pump
power Pp=377mW(27.76dBm). Hence from the results the
gain of RFA is very stable or flattened.

IV. HYBRID AMPLIFIER

One of the effective ways to extend the gain bandwidth of
the optical amplifiers is to use a hybrid amplifier that
combines several amplifiers with different gain bandwidths.
Connecting two or more different amplifiers in parallel or in
series are some of the methods used to achieve a wide-band
amplifier. The configuration of the hybrid amplifier
proposed in this paper considers a EDFA connected parallel
with a distributed Raman amplifier.

A. Hybrid Amplification

The low noise, broad bandwidth of Raman, and low pump
power requirements of EDFAs can be combined into one
hybrid amplifier to solve amplification issues in long-haul
and ultra long-haul networks. Raman amplifiers provide a
gain across a large bandwidth, even though the gain
provided might not be high. In contrast, EDFAS provide a
substantial gain but across a relatively small band. By using
both forms in tandem providing one Raman and one or more
EDFAs (depending on the bandwidth to be amplified) the
amplification achieved is much better and cleaner than
individual configuration [9].
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Figure 5. The proposed Hybrid C+L band EDFA/RFA to share the same

pump.
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B. Configuration of the Hybrid Amplifier

Fig. 5. shows the concept of using only one pumping laser
for simultaneous C-EDFA and L-RFA amplifications using
forward pumping configuration. With only a pump
wavelength of 1480 nm, the C-band EDFA is based on
three-level amplification mechanism in erbium ions, while
the L-band RFA is based on Raman shift amplification
mechanism. At the input of the optical amplifier, a C/L-band
WDM coupler is used to separate the WDM signals to C
and L bands. The C-band signals are amplified by an EDFA
and the L-band signals are amplified by a RFA. They share
the same pump source, 1480 nm, which is splitted by a
variable-ratio coupler to equalize the gain of C and L bands.
The splitting ratio of the pump laser between the C-band
EDFA and L-band RFA is optimized based on their gain
characteristics such as physical properties of EDF and
dispersion compensation fiber (DCF), as well as the
pumping efficiency [2]. In order to provide a polarization-
diversified pump, the polarization beam combiner (PBC)
can combine two pump diodes with the same wavelength in
an orthogonal polarization state. The gain spectra of C+L
band are flattened by optimally dividing the pump power
ratio of 1:29 for EDFA/RFA [2].

V. PERFORMANCE OF THE HYBRID AMPLIFIER IN C AND
L BAND

Fig. 6 shows the measured overall gain spectra for the
hybrid C+L band EDFA/RFA under various pump splitting
ratios. If the insertion loss of PBC is neglectable, the pump
power is divided into 13 mW for the C-band EDFA and 377
mW for the L-band RFA, that corresponds to a pump power
shared ratio of 1:29.

Fig. 6 and Fig. 7 show the gain and NF Vs. wavelength of
hybrid amplifier for different values of pump powers, Py=
10mwW-290mwW, 11mwW-319mW, 12mW-348mW and
13mW-377mW. The gain profiles for different pump
powers of hybrid amplifier are better than the gain profiles
of individual EDFA or RFA. We find the gain in C band is
in the range of 49.5dB to 50dB and noise figure is below -
5.06dB while in case of L band the gain is in the range of
50dB to 52.2dB and NF is below -5.07dB. Hence hybrid
amplifier gives a wide gain bandwidth of about 135nm and
more flat gain profile.

In this study, Hybrid optical amplifier (EDFA + RFA) has
been optimized. It is shown that when the optimized
parameters such as NF, pump wavelength, pump power,
signal input power, erbium ion density, Raman fiber length,
Raman effective gain coefficient etc. are used then the lesser
noise is induced and better quality of the signal is produced.
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Figure 6. Hybrid Amplifier Gain versus Wavelength
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Figure 7. Hybrid Amplifier Noise Figure versus Wavelength

VI. CONCLUSION

Our study examined the characteristics of the RFA and
EDFA in order to achieve the optimum design for hybrid
optical amplifiers. Hybrid amplification is an effective
technique for optical regeneration; it has a low NF as
compared to individual fiber amplifiers. The gain profile is
also much flatter, so they are able to accommodate more
channels. The hybrid C+L band EDFA/RFA, with features
of wide bandwidth, flattened gain and low NF, may find
vast applications in WDM system and light wave
transmission [2]. Therefore, this study establishes that the
use of optimized optical amplifiers in the optical
communication networks results in revolutionary growth of
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internet traffic for large number of users and
transmission distance.

long

ACKNOWLEDGMENT

The authors are grateful to the Electronics and
Telecommunication Department of Vivekanand Education
Society's Institute of Technology Mumbai, India that
enabled developing this work.

REFERENCES

[1] G. Ivanovs, V. Bobrovs, O. Ozolins and J. Porins," Realization of
HDWDM transmission system", International Journal of the Physical
Sciences Vol. 5(5), pp. 452-458, May 2010, ISSN 1992 - 1950 ©
2010 Academic Journals.

[2] S.-K. Liaw, Keang-Po Ho. Cheng-Kai Huang, Wen-Ting Chen, Y.-L.
Hsiao and Ing-Ge Lai, “Investigate C+L band EDFA/Raman
amplifiers by using the same pump lasers”, 01/2006; IEEE Joint
Conference on Information Sciences (JCIS 2006), Kaohsiung,
Taiwan, ROC, October 8-11, 2006.

[3] S. N. Padwal, M. Chttopaddhyay, “Modeling Of Gain In EDFA And
It's Behavior In C And L Band”, International conference on
Advances In Electrical, Electronics and Computer Science, ISBN:
978-93-81693-68-3, 21* Oct., 2012, Coimbatore, India.

[4] G. P. Agrawal, “Nonlinear Fiber Optics,” second edition, academic
press, New York, 1995.

[5] P. C. Becker, N.A. Olsson and J.R.Simpson, “Erbium-doped fiber
amplifiers fundamentals and technology”, Academic Press.1999.

[6] http://en.wikipedia.org/wiki/Optical_amplifier#cite_ref-2

[7] Dr. W. Luhs , “Experiment 14, Erbium doped fiber amplifier”, MEOS
GmbH 79427 Eschbach - August 1998/ July 2003.

[8] Ahmet Altuncu, Arif Basgumus, Burcin Uzunca Ekim Haznedaroglu,
“ Design and Characterization of High Performance C and L Band

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Volume 2, Issue 1, January 2013

Erbium Doped Fiber Amplifiers
University, Kutahya, Turkey.
Ashwin Gumaste, Tony Antony, "DWDM Network Designs and
Engineering Solutions"”, Cisco Press, December 13, 2002. ISBN: 1-
58705-074-9.

Clifford Headley, G. P. Agrawal, “Raman Amplification in Fiber
Optical Communication Systems,” Academic Press. Elsevier, 2005.
T.L. Huynh, L.N. Binh, “Fibre Design for Dispersion Compensation
and Raman Amplification,” Technical Report MECSE-10-2004,
Monash University, Clayton 3168 Australia.

Nigel Taylor, Jim Grochocinski , “The Impact of Fiber Effective Area
on Systems using Raman Amplification ,” WP7136 Issue Jan. 2002,
1SO 9001 Registered, Corning Incorporated, Corning, New York,
USA.

B. Bristiel, P. Gallion, Y. Jaouen, E. Pincemin, “ Intrinsic Noise
Figure Derivation for Fiber Raman Amplifiers From Equivalent
Noise Figure Measurement,” IEEE LTIMC 2004, Lightwave
Technologies in Instrumentation & Measurement Conference
Palisades, New York, USA, 19 - 20 October 2004.

Arwa H. Beshr, Moustafa H. Aly and A.K. AboulSeoud , “Amplified
Spontaneous Emission Noise Power in Distributed Raman
Amplifiers,” International Journal of Scientific & Engineering
Research Volume 3, Issue 5, May-2012, ISSN 2229-5518.

S. N. Padwal, M. Chttopaddhyay, "Investigation of Raman Fiber
Amplifier in C and L Band and it's Comparison with Erbium Doped
Fiber Amplifier", published in International Conference on Electrical
Engineering and Computer Science, ICEECS-30DEC12-042 IRNet
India.

S. K. Kim, S. H. Chang, J. S. Han, and M. J. Chu, " Design of Hybrid
Optical Amplifiers for High Capacity Optical Transmission”, ETRI
Journal, Volume 24, Number 2, April 2002.

(C,L-EDFAs),” Dumlupinar

44

All Rights Reserved © 2012 IJARECE


http://irnetnagpur.ac.in/IntConf/Pune/ICEECS/
http://irnetnagpur.ac.in/IntConf/Pune/ICEECS/
http://irnetnagpur.ac.in/IntConf/Pune/ICEECS/

