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Abstract—Wavelength multiplexing (WDM) technology along

with optical amplifiers is used for optical commeation systems in
S-band, C-band and L-band. To improve the ovesgtem
performance Hybrid amplifiers consisting of caschd®FA and
EDFA with different gain bandwidths are preferrem fong haul
wavelength multiplexed optical communication systeifhis paper
deals with statistical analysis of different configtion of hybrid
amplifier i.e. analysis of TDFA-EDFA configuratioand EDFA —
TDFA configuration. In this paper One-Way ANOVA rhetl is used
for statistical analysis.

Keywords—wWDM, EDFA, TDFA, hybrid amplifier, One-way
ANOVA.

I.  INTRODUCTION

AVELENGTH multiplexing (WDM) technology along

with optical amplifiers is used for communicatidrhe

semiconductor laser
amplifiers (EDFA) is used to provide gain in 1550n
wavelength region.

pumped erbium doped fib

This broaden spectrum will allow enough number of
multiplexed channels to be amplified which is thesib need
of WDM systems. There are different ways to inceettse
gain bandwidth of optical amplifiers. The aim ofstihesearch
work is to examine statistically different configtions of
hybrid amplifier i.e. analysis of TDFA-EDFA configation
and EDFA-TDFA configuration. In this paper One-Way
ANOVA method is used for statistical analysis ofsh hybrid
amplifiers.

II.  RELATED WORK

The Er3+ doped optical fiber amplifier (EDFA) has
attracted a very considerable attention in thedfigfl optical
fiber communication since its gain band coincidethwhe
third telecommunications window of silica fiber &t
wavelength of 1550 nm. The gain spectrum of EDFAesy
fregular with a sharp peak at around 1530 nm armtoad

and with a reduced gain at longer wavelengths.s Thi
irregularity is due to the stark splitting of theognd and meta-

The Er3+ doped optical fiber amplifier (EDFA) hasStable levels in the Erbium doped glass. To be usgdesent

attracted a very considerable attention in thedfiefl optical
fiber communication since its gain band coincideth whe
third telecommunications window of silica fiber &
wavelength of 1550 nm. Erbium is a rare earth etgnoé
Lanthanides series having atomic number 68(Z=6&)\w N
day Erbium is used as a dopant into a glass Hoest &ind then
this doped fiber is used as an amplifying mediuDFE gives

an amplified output around 1550nm. Being econonmd a

reliable, EDFAs are revolutionizing the light wasgstems. It
has high gain and its performance is better as eostpwith
other similar amplifier. These amplifiers can beedisfor

day long haul systems, the bandwidth of the angplifias to
be large enough to allow enough number of multipdex
channels to be amplified. This can be done if tl@ng
spectrum of the amplifiers can be flattened by wag or the
other. There are many ways of flattening the gaiBD@FAS.

A. Changing the glass composition

By altering the composition of silica glass, theinga
spectrum can be broadened. In 1996, an experimest w
conducted to obtain an EDFA which has a gain spectr
independent of wavelength. The EDFA used was a Abw

wavelength ranging from 1330nm to 1580nm. Opticadontent (1% by weight) alumino-germanosilicate EOWe

amplifiers amplify the power of light wave signalgthout

conversion of signals in electrical domain. ThiDgass is
independent of operating data rate and can be uséat

Wavelength multiplexing channels in single mode icabt
fibers. The use of an increasing number of chanmelthe

present day dense wavelength multiplexing (DWDMbiczgh

networks requires a flat gain spectrum across thelevusable
bandwidth. Hybrid amplifiers with different gain fdwidths

are indensible for long haul wavelength multiplexagatical

communication systems in C-band and L-band. It irequ
broadening as well as flattening of gain spectruniyborid

amplifier.
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system was analyzed for five wavelengths of 1542534.7,
1548.1, 1551.0 and 1552.4 nm. It was found thagtiie was
flat to within £0.3dB for the wavelengths betwees?2-1552
nm range.

B. Long Period Fiber Grating Filters

Mendez and Ali used dual stage EDFA, long-peridubfi
grating filters and dispersion compensating fibarstwo
configurations for a 64 channel WDM system rangfram
1535.2 nm (channel 1) to 1560.4 nm (channel 64)R SN
14.5 dB is achievable for both the configurations.

C. Acousto-optic Tunable Filters
Two acousto-optic tunable filters when used inesedlong

with a dual stage EDFA can provide a gain flatrefs8.7 dB
over a 35 nm bandwidth .An electronic feedback loop
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consisting of AOTFs can also be used to autom#yiealjust
the profile of the active gain equalizing filter as to equalize
the output signal powers to a desired value.

D. Dual Core Fiber

The use of a twin core fiber is also a choice faing
flattening in which both the cores are identicallyped with
Erbium. This technique involves concatenation ¢éregth of
single core EDF with a twin core EDF.

E. Microbended Long Period Fiber Gratings

Another method for flattening the gain spectrunexddium-
doped fiber amplifiers (EDFAS) is based on micrabeg the
long-period fiber gratings that are simply fabrazht by
bending the fiber. Earlier FBGs were manufactursidgi UV
based fabrication method. But it takes long timd esguires
capital intensive equipment

F. Rotationally Symmetric Crossed Gratings

to wavelength because the first stage is highlgiited and its
gain is about 13 dB.

J. Ultra Band EDFA

Y.Sun had demonstrated that an ultra wide band EFA
a two section split structure gives a total 3dB dvaidth of
84.3nm and its maximum operating gain is 25dB. Ahd
noise Fig. is about 6 dB.. The output power is Vieigh at
25dB, which is required for large numbers of WDMchels.

K. New Materialsfor Fiber Optic Amplifiers

It is observed that the gain window of erbium arfigis
perfectly overlaps the low-loss window of silicarismission
fiber. An Al/Si composition has enabled deploymehtgain
flattened amplifiers with bandwidth up to 32nm whican be
doubled to 64nm by a split band configuration inickha so
called conventional or C-band (approx 1532-1564ng)
paired with a long or L-band (approx1574-1606nm).

The gain spectrum of EDFA has been broadened if

This method involves adjusting the fiber and gmatincascaded hybrid configuration is used. This is offiethe

parameters to obtain desirable coupling interastibatween

effective ways to broaden the gain spectrum ofcaptiiber

the forward-propagating core mode and the backwardmplifiers. Hybrid amplifiers are proposed for shfing the

propagating cladding modes. The coupling

interastio growing need for increasing the transmission capaof

amongst cladding modes, and forward-propagatinge-corWWDM systems. These amplifiers can be used for vesngth

cladding interactions since

comparatively smaller.

are neglected

G. Hybrid Amplifiers

The bandwidth of the amplifier can be increasedifing a
hybrid configuration of optical amplifiers. A 1.5Bdgain
flatness can be obtained by using a hybrid ampl#onsisting
of a distributed Raman Amplifier pumped at two wawngths
along with an EDFA. Fourteen 2.5 Gbps signals sipp@n65
nm were successfully transmitted over 900 km udgiftgen
amplification stages.

H. Fiber Based Loop Mirror

A fiber based loop mirror (FLM) can also serveaailter
used for gain flattening purpose. In 2005, an aa@rpled
coupler with a free spectral range of 140 nm waslusith a
conventional SMF-28 fiber to form an all-fiber laoBy
suitable control of the orientation of the loop.etASE
spectrum of the EDF could be flattened within +05over a
wavelength range in excess of 30 nm in the C-band.

I. Two stage EDFA

It is reported that when

a two-stage EDFA which

these am@nging from 1330nm to 1580nm [1-10]. Depending rupo

requirements, these amplifiers can be used eitlserpra
amplifier or as in-line amplifier or as post amgif When
Thulium doped fiber amplifier (TDFA) is cascadedseries
with erbium doped fiber amplifier (EDFA), then gain
spectrum of this hybrid amplifier broadens withiawglength
ranges from 1460-1560nm [11-12]. The TDFA are use8-
band. There are many pumping schemes for TDFASIt i
observed that the gain of amplifier be independehnthe
wavelength being amplified due to many reasons sash
number of WDM channels to be amplified can be memd
the spectral width of the source need not be aliiit the case
of single channel systems etc. It was observed wWian
TDFA is cascaded with EDFA, then the total gainhgbrid
amplifier is given as product of gain of TDFA andirg of
EDFA. The gain of TDFA is given as :

GT(}) = )
exp[(@T (148QNT2- 0T (139QNT1-
oT BOOQNTO)](7TLT)
The gain of EDFA is given as:
GE(A) = ()

exp[(OE(153Q NE2 - 0E(1480 NE1)(7ELE)

accurately controls each stage's pump power and the

attenuation of the voltage-controlled attenuatothws0 ms
response time is experimented ,then wide flat,daiv noise
figure, and wide dynamic range of EDFA is obtain&tis
arrangement is suitable to WDM network . The ndigere of
the two-stage EDFA is less than 4.5dB. It is nearbensitive
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This means the total gain of hybrid amplifier isvegi as
shown in Eq. 3 below:

GT(A) = GT(A)XGE(1) = )
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exp[(t(148QNT 2 - 0T (1390 NT1-
oT BOONTO)](7TLT)] X exp[(CE(L53QNE2
- OE(148QNE1)(/JELE)]

In the above equations,cT(1480), oT(1390) and
oT(800)denotes cross-sections of excited state pisor
stimulated emission and ground state emission ofFAD

Similarly, cE(1530),cE(1480)represents the respective cross

15]. Here, One- Way ANOVA is used to test for sfgaint

difference among sample means, because two groigs a

tested simultaneously. For this analysis, it isuessd that the
data is normally distributed and the standard dieria are
equal. Analysis of Variance is shown in Table IngsiOne-
Way ANOVA.

TABLE |
ANALYSIS OF VARIANCE USING ONE WAY ANOVA

sections of EDFAnT and nE represents the confinemen
factors of TDFA and EDFA respectively. With thig
configuration we get a wide bandwidth spectrum efny
100nm i.e. from 1460nm to 1560nm wavelength rardes

also includes the 1510nm-1520nm range where EDFAeds
as TDFA has no large gain for themselves. This I a
observer that this gain is unflattened mainly fr@520nm to

1540nm region. when EDFA-TDFA configuration ig
implemented then the total gain of hybrid EDFA-TDFA
amplifier is given by equation (4):

G(A) = GE(A)XGT(A) (4)

exp[(CE(153QNE2 - gE (1480 NEL)(7ELE)] X
exp[(T (148QNT 2

Source of D.F Sum Mean squares | F-ratio
variation of

squar

es
Treatment _
(columns) 1) | ss(m '\S"g((TTrr))j(C_l) MS(Tr)/MSE

MS(BI)=
Blocks (r-1)
(rows) SS(BIl) | SS(BI)/ (r-1) MS(BI)/MSE
Error (c-1) st MSE=
(r-1) SSE/(c-1)(r-1)

Total (c.r-1) SST

=0T (1390NTaT BOONTO)](#7TLT)]

I1l. METHODOLOGY FOLLOWED

The aim of this research work is to examine siatily the
various features of different configurations of hgbdoped
fiber amplifiers. We design our hypothesis sucht the
support the null hypothesis. Then we decide théistits
technique to use. Before applying any specific neglne, we
have to first define the null hypothesis and akiue
hypothesis. There are mainly two types of hypotbesge null
hypothesis and the alternative hypothesis the myplothesis
and alternative hypothesis in a very simple andresgive
manner. The null hypothesis and alternative hymithare
applicable in cases when the null hypothesis atetrealtive
hypothesis have explanatory power. Then hypothesting is
done. Hypothesis testing means to tell whether atr the
hypothesis seems to be valid. In this paper hymidhis so
designed that the null hypothesis is supported. that we
have to make a statement. In this case we statbypathesis
as under:

A. Null hypothesis

Ho Difference in properties of TDFA-EDFA amplifier and
EDFA-TDFA amplifier is a matter of chance.

B. Alternative hypothesis Ha

Difference in properties of TDFA-EDFA amplifier and
EDFA-TDFA amplifier is not a matter of chance.

The above F-ratio for treatment and blocks is usgddge
whether the difference among different parametess
significant or just is a matter of chance [18-21].

IV. ANALYSIS & RESULTS

In this paper, statistically analysis of TDFA-EDM#&brid
amplifier and EDFA-TDFA hybrid amplifier is done.h&
configuration TDFA-EDFA means the hybrid amplifier
which TDFA is in first stage and EDFA is in secostage,
whereas configuration EDFA-TDFA means EDFA is irsffi
stage and TDFA is in second stage. For this arglyse
assumed that both fibers have step refractive
homogeneously broadened spectrum of thulium anturarb
ions. We consider three levels of TDFA i.e. 3H6,43ahd
3F4, the other two levels of TDFA i.e. 3H5 and 3F2re
ignored as the rate of their non radiatiomr] to the
corresponding levels are very high. Similarly, iase of
EDFA, two levels 4115/2, 4113/2 is considered amel
4111/2 is ignored for the same reasons. The enérygl
diagram of EDFA and TDFA were mentioned in our iearl
work [12] are shown in Fig. 1 and Fig. 2 respedyiv&ig. 3
and Fig. 4 represent the emission and absorptiectisp of
EDFA and TDFA respectively. From Fig. 3 and 4 isitlear
that the absorption and emission peaks of EDFAdas at
1530nm, while the absorption peak of TDFA lies 480nm
and emission peak of TDFA lies at 1460nm. Fig. &waghthe
gain spectrum of EDFA, from which it is clear tlEEDFA has
peak gain at 1530nm, beyond which the gain redsiigistly
and remains flat almost until 1550nm. After thaingaduces
sharply. This gain can be flattened by cascadingA vith
EDFA. Fig. 6 shows the flattened gain spectrum gbitl
amplifier by cascading TDFA and EDFA. Fig. 7 shothe

We support our hypothesis by comparing the caledlaind f|attened gain spectrum of Hybrid amplifier by caging
tabulated value of F-ratio by using One-Way ANOVE3{ EDFA and TDFA. For TDFA-EDFA hybrid amplifier,
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thulium doped fiber (TDF) in first stage was fordgumped
with a 1390nm pump lased diode (LD) and erbium dope
fiber (EDF) in second stage is pumped with a 98QuimFor
efficient amplification the concentration of TDF i@&hs was
kept very high (approx. 7500 ppm) [16-17]. Tableshows
the different characteristics of both configuraton |

TABLE Il
FEATURESOF TDFA-EDFA & EDFA-TDFA AVPLIFIERS

L] | L4800 |
Feature TDFA- EDFA-TDFA 1530 |

EDFA
| S
12.25625— for 20 dB for L]
Gain 1556nm ;i?\Sr;m-lSSOnm
ranee ”
Noise Figure <6Db <7dB Fig. 3 Energy Level of Bf

"He

F-ratio is calculated for the parameters mentioime@bove

Table Il. The calculated and tabulated value ofafior is r 148 t
shown in Table III. .
TABLE Ill Ty |
F-MEASURE RESULTS T/J
Source of | D.F | SS MS F-ratio | Tabulated
variation F-ratio (1,2) w0
13
hJ
Between | "Hy |
samples | 15 15 .05 18.51
Within Tm'
Samples | 2 39.6 29.9
Fig. 2 Energy Level of TR
Total 3 411
5
& af
B
The table 1ll shows that the F-ratio is significaf 5% 5 T
level which means that both hybrid configurationsork ; el
differently. F-ratio is used to judge whether théedence 5
among several sample means is significant or justtier of I 2t
sampling fluctuations. MS residual is always due to &
fluctuations of sampling and so serves as the Hasigshe © fam0 1500 1550 1600
significance test. The F-ratio is compared with its Wavelength (nm) g
corresponding table value for the given degregeddom at a _ _ _
specified level of significance. The table 3 shdkat both the Absorption Cross Section

Emmssion Cross Section

F-ratios are significant of 5% level which meanattMDFA-
EDFA amplifier work differently as compared with EB- Fig. 3 shows the Absorption and Emission Crossi@esbf EDFA
TDFA amplifier.. The gain spectrum of TDFA-EDFArisore (Source:11)

widened as compared to that of EDFA-TDFA configiormat

Since there is a large difference between the teka and

the table value of F. so, we reject the null hypstb. We can

very strongly say that for WDM systems, TDFA-EDFAsha

great impact as a hybrid amplifier as compared \EDFA-

TDFA amplifier.
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0 1400 1450 1500 1540 VI. CONCLUSION
Waveiength {nm} It has found that calculated value of F ratio isyvewuch
Fig. 4. The Cross sections of Thions different from the tabulated value, so the diffeeietween
(Source:11) parameters is considered as significant and wetréje null

hypothesis. Here, we are able to conclude thatVitioM
systems, TDFA-EDFA hybrid fiber doped amplifier has
higher gain and lower noise figure. So, this camfigion

[ gives better performance in WDM systems as compaitd
14 g 7 the EDFA-TDFA hybrid configuration.
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