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We proposed and experim entally dem onstrated two power-equalized erbium -doped
( ) ( )fiber amplifier EDFA modules using fiber Bragg gratings FBG s with various

reflectiv ities for indiv idual channels. The transm ission type power-equalized EDFA

m odule is low-cost for its simple design, while the reflection type power-equalized

EDFA m odule can suppress m ost of the am plified spontaneous emission noise. Both

consist of a bidirection al EDFA, a set of FBG chains with su itable reflectiv ities, and

an optical isolator r optical circulator. They can find potential applications in

wavelength div ision m ultiplexing lightwave transm ission systems.
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S.-K. Liaw et al.298

To compensate for fiber attenuation and ne twork splitting losses, high-gain and

s .wide-bandwidth erbium-doped fibe r amplifie rs EDFAs are essential for optical

s .ne tworks and long-haul wave length division multiplexing WDM transmission

w xlinks in the 1.55- m m band 1 . Howeve r, EDFA should have uniform gain for WDM

lightwave transmission, e specially for systems with m any EDFAs cascaded. O the r-

wise, nonuniform EDFA gain m ay cause significant system penaltie s when the

inte rchanne l power spre ads beyond the rece ive r dynamic range and the signal-to-

s .noise ratios SNRs of some we ak channels are too small. Previous works we re

w xproposed to equalize the nonuniform EDFA spectral gain curve 2 ] 7 . They

w x w xincluded a complicated control circuit 2 , a high aluminum doped fiber 3 , an

w xe rbium-doped fluoride fibe r 4 , demultiplexing and inserting a variable attenuator

w x w xfor each channel 5 , a section of samarium-doped fiber 6 , or fiber Bragg gratings

s . s . w xFBGs written in e rbium-doped fiber EDF 7 . Anothe r previous work proposed

gain equalization WDM channe ls using a short-pe riod grating for EDFA covering

w xseveral nanometers of the wave length region 8 . In this pape r, short-pe riod FBGs

with various refle ctivitie s are used to construct power-equalized EDFA modules,

including both transmission and re flection type s. The EDFA module s consist of a

se t of low-cost, regular FBG or chirped fiber grating chains m atching the WDM

s .signals, an EDF, as we ll as an optical isolator or an optical circulator, O C . An

experiment was inve stigated to demonstrate the power equalization of a four-

WDM-channe l system by using a refle ction type EDFA module.

Theoretical An alys is an d Operating Mech an ism

Two proposed powe r-equalized EDFA module s are based on the use of photo-

imprinted FBGs with various re flectivitie s. The refle ctivity of each FBG is designed

and precise ly controlled during the fabrication process. As is shown in Figure 1 a

for the transmission type powe r-equalized EDFA module , it consists of a single-

stage amplifie r followed by an optical isolator and the FBG chain. Without FBGs,

the input power leve l for l is assumed to be the large st, and those of l ,1 2

s .l , . . . , l N s 11 in Figure 1 reduce subsequently with 1 dB variation for eve ry3 N

adjacent channe l. All of the N WDM channe l signals pass through the FBG chain

and then continue their forward propagation with powe r equalization. Meanwhile ,

the signals at l , l , . . . , l are re fle cted partly by FBG , FBG , . . . , FBG ,1 2 N y 1 1 2 N y 1

re spective ly, to proportionally attenuate the power of channe ls having powe r leve ls

higher than that of l . O ne optical isolator is inse rted between the EDF and theN

FBG chain to block the re flected signals and amplified spontaneous emission

s .ASE back to the EDF. The re flections are due to FBGs, connectors, and

Rayleigh backscatte ring. As is shown in Figure 1 b for the re fle ction type powe r-

equalized EDFA module , it consists of an O C and FBG chain and a single -stage

amplifier. The EDF can be located at eithe r port 1 or port 3 of an OC. The N

WDM signals are re flected and power-equalized by the FBG chain and then

continue the ir forward propagation. Me anwhile , the signals at l , l , . . . , l1 2 N y 1

may partly pene trate FBG , FBG , . . . , FBG , respectively, to attenuate the1 2 N y 1

channels that have power leve ls higher than that of l with lowest powe r. ByN

integration of a three-port O C with the FBG chain, the ASE in the wave length

region from 1 nm to seve ral nanometers away from the WDM channe ls will be

strongly reduced due to the filte ring of FBGs. In othe r words, the FBGs also

function as ASE filters for WDM channe ls.
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Power-Equalized EDFA Modules 299

s .Figure 1. Schematic diagram of the power-equalized EDFA modules using a transmission

s .type and b reflection type FBG chains for an 11-WDM channel system. EDF, erbium-doped

fiber; FBG, fiber Bragg grating; ISO, optical isolator; O C, three-port optical circulator.

For both the transmission and re flection types FBG chains, the FBGs are

de signed to have diffe rent re flectivities to equalize the powers of the WDM

channels. Signal attenuation for each channe l depends on the refle ctivity written

s .on the corresponding FBG 1 F i F N . The total loss attributed by the powe r-i

equalized EDFA modules include s the connection r splicing loss, in-line loss of

FBGs, inse rtion loss of the optical isolator r OC, and the loss induced by the

re flectivity of the corresponding regular FBG . To save costs, one 1 = 2 couple ri

s .50:50, for example can be used to replace the three -port O C.

For the transmission type powe r-equalized EDFA module , if the in-line loss of

s .FBGs is negligible , the re flectivities R , R , R , . . . , R of FBG , FBG , FBG ,1 2 3 N 1 2 3

FBG , . . . , FBG can be designed such that R ) R ) R , . . . , ) R according to3 N 1 2 3 N

the re lation

s . s . s .Signal Attenuation L dB s y10 log 1 y R 1i

s . swhere R denotes the refle ctivity of FBG 1 F i F N and ranges from 10.0% fori i

. s .R to ; 90% for R in this example. The calculated result is shown in FigureN 1

2 a.

Similarly, for the re flective type powe r-equalized EDFA module, the re flectivi-

tie s of FBG , FBG , FBG , . . . , FBG can be designed such that R - R -1 2 3 N 1 2
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S.-K. Liaw et al.300

s .Figure 2. Calculated results of the signal attenuation dB versus fiber Bragg grating

s . s . s .reflectivity R% for the a transmission type and b reflection type power-equalized

EDFA modules.
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Power-Equalized EDFA Modules 301

R , . . . , - R with the relation3 N

s . s . s .Signal Attenuation L dB s y10 log R 2i

s .where R denotes the refle ctivity of FBG 1 F i F N and ranges from ; 10.0%i i

s . s .for R to 99.9% for R in this example. From the above equations, we see that1 N

any FBG can easily be used to attenuate the optical power of its corre sponding

channel from 0.0 to 10.0 dB. This operating range is large enough for most WDM

system applications. To furthe r incre ase the practical operation range in WDM

channels, three methods are proposed to achieve the requirement. They are by

s . s .cascading 1 two se ts of transmission type FBG chains, 2 two se ts of re fle ction

s .type FBG chains, or 3 the hybrid type FBG chains containing one se t of

transmission type and one set of refle ction type FBG chains.

Exp erim en t an d Resu lts

To demonstrate the fe asibility of a power-equalized EDFA module, one re fle ction

type power-equalized EDFA module is demonstrated for a four-WDM channe l

system rather than an N-WDM channe l system. The four W DM channe ls cove r

the wave length range of 1551.7 ] 1557.1 nm with channe l spacing of 1.8 nm. The

sre flectivity of the se regular FBGs range s from 70.0% rather than the theore tical

.value of 31.5% because the in-line loss of FBGs is not negligible to 99.9% . The 3

dB bandwidth of the se regular FBGs ranges from 0.15 to 0.25 nm. The temperature

coefficient of the se FBGs is about 0.015 r 8 C. No amplitude modulation was

obse rved due to wave length jitter, since the temperature variation is le ss than

" 1.0 8 C during me asurement. Figure 3 shows optical spectra of four WDM chan-

s .ne ls taken from a re fle ction type FBG chain a before port 1 of the OC, with a

s .power variation of 5.0 dB, and b afte r port 3 of the O C but before the gain

medium, with a power variation of only 0.3 dB. Note that the output powe r was

taken before the gain medium for inse rtion loss measurement. The re fe rence

power leve ls in Figures 3 a and 3b are 0.0 and y10.0 dB, respectively. The signal

s .wavelength of 1557.1 nm l with the lowest powe r leve l of y20.0 and y23.5 dB4

before and after the FBG chain corresponds to a total 3.5 dB loss, most of which is

attributed to the OC insertion loss and FBG in-line loss.

Discu ssion

Compared with using one broadband filte r per EDFA for gain equalization, the

proposals in our work have some advantage s. First, they can simultaneously re alize

the powe r equalization among WDM channels and fibe r chromatic dispersion by

s .replacing regular fibe r Bragg gratings with chirped fiber gratings CFGs for

individual channe ls, for both the refle ction and transmission modules. Howe ver, a

chirped broadband filter could not re alize this function. Second, if the input powe r

leve ls among channels are arbitrarily nonuniform and ror the gain shapes among

the EFDAs are different from one anothe r, it will be very complicated to fabricate

this kind of broadband filter for cove ring the entire wave length range . Neve rthe -

less, it is simpler to design the FBGs with various re fle ctivitie s to match the

optimum condition regardless of the variations in operating conditions and ror

input powe r leve ls. Third, the residual ASE noise can be suppressed by using the
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S.-K. Liaw et al.302

re flection type EDFA module containing the regular FBG rCFG chain, rathe r than

by using a transmission broadband filter. Also, based on the International

s . s .Telecommunications Union ITU proposal of 200 or 100 GHz of channe l

spacing, wave lengths could be fixed with accuracy and union. It does not matter if

s .the short-period FBGs filte rs could cover the whole operating region.

Conside ring the two curves of signal attenuation ve rsus FBG refle ctivity in

s .Figures 2 a and 2 b, the slope D y r D x will be much more sensitive to re flectivity at

s . s .Figure 3. Optical spectra of a four-WDM channe l system a before port 1 and b after

port 3 of the OC using the re flection type power-equalized EDFA module . The figure was

grafted be fore the erbium-doped fiber for power leve l comparison. Note that the re ference

power levels in Figures 3 a and 3b are 0.0 and y10.0 dB, respectively.
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Power-Equalized EDFA Modules 303

the region where the D y r D x value is high. The refle ctivities should be precise ly

controlled during the fabrication process because even a small refle ctivity change

s . s .D R will induce a nonnegligible change in the signal leve l dBm . For the

transmission type E DFA module , the channe ls with low powe r leve ls

s .l , l , l , . . . are e asier to adjust. For the re flection type EDFA moduleN N y 1 N y 2

s .the channe ls with large powe r leve ls l , l , l , . . . are easie r to adjust.1 2 3

To simplify the fabrication processes and reduce the in-line loss of the FBG

w xchains, the sinc-sampled FBGs 9 may be potential candidates for the proposed

EDFA modules. By using the continuous grating fabrication technique , the time

taken to write the grating chain is short. Packaging and temperature demands are

also reduced because the se gratings are e ffe ctively contained within the same

length of fibe r. According to theory, the refle ctivity of e ach channe l could be

precise ly controlled.

Con clus ion

By integration of a piece of EDF, and an optical isolator or OC, a se t of

FBG r CFG chain of appropriate refle ctivitie s, two power-equalized E DFA mod-

ule s are proposed. The refle ction type EDFA module was expe rimentally demon-

strated with the additional feature of ASE suppression. The output powe r

leve ls are equalized among the WDM channels by using the FBG rCFG chain

with various re fle ctivitie s regardle ss of the input powe r leve ls. The transmission

type powe r-equalized module is low-cost for its simple design. The re fle ction

type power-equalized EDFA module can suppre ss most ASE noise. Both type s

of power-equalized EDFA modules are easy to fabricate and can find use ful

application in WDM lightwave transmission systems and optical ne tworks.
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