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Multiwavelength Fiber Sources Based on Double-Pass
Superfluorescent Fiber Sources

C. D. Su and Lon A. WangAssociate Member, IEEE

_ Abstract—\We demonstrate a new technique to generate a than 100 nm, however, its applications for WDM systems may
high-power multiwvavelength fiber source (MWFS) by inserting e limited due to low output power. Although the bandwidth

cascaded long-period fiber gratings (LPFG’s) in double-pass o o Er-doped SFS, about 40-50 nm, is smaller than that of
Er-doped fiber (EDF) superfluorescent fiber sources. 20 channels LED SLD th’ tout L 0 t d f
with extinction ratios larger than 10 dB can be obtained between a ora » (€ output power 1S one 1o two orders o

1525-1560 nm with appropriate EDF lengths. Though the total Magnitude larger [8]. Therefore, it has been widely used as
output power decreases due to the insertion of the cascadedthe light source for spectrum sliced source in the past years.

LPFG's, the power in each channel for the proposed MWFS is Fabry—Perot filters [6] and arrayed-waveguide gratings [7] have
larger than that obtained by using the spectrum slicing technique pean ysed as the filter in the spectrum sliced fiber source. In

because of power redistribution. We also demonstrate that by \ .
using another LPFG in such a source to reduce the power varia- [9], cascaded LPFG's are used as the filter for the spectrum

tion among the desired channels. The wavelength stability of the Sliced fiber source. Since the filter is placed at the output end
source is shown to be determined by the cascaded LPFG'’s rather of a broadband light source for spectrum sliced fiber source,
than by the EDF. it incurs a marked power loss. To reduce such a power loss,

Index Terms—Fiber source, long-period fiber grating (LPFG).  one could introduce a mechanism to cause power redistribution
from the unwanted wavelength range to the wanted wavelength
range. We have realized this idea by inserting cascaded LPFG’s
into a conventional double-pass backward (DPB) SFS [10],

AVELENGTH-DIVISION multiplexing (WDM) is an and the results show that output power of each channel is larger

important technique for fiber optical communicatiorthan that of the spectrum sliced fiber source.
since it can increase transmission capability by orders ofin this paper, we demonstrate a MWFS with larger power
magnitude. A multiwavelength light source is always desirddr each channel by adding cascaded LPFG’s inside a SFS in
in a WDM system. A multiple number of lasers operating dioth double-pass backward and forward (DPF) configurations.
different wavelengths have been reported [1], [2], howeveFhe cascaded LPFG's in the proposed configurations not only
the lasers should be fabricated and operated at specific wapevide the filtering effect but also cause power redistribution.
lengths, which may increase cost and complexity. Recentlijhus, the output power of such a MWFS is larger than the spec-
a multiwavelength fiber source (MWFS) employing “spectrum sliced source. The rest of the paper is arranged as follows.
trum slicing technique” [3]-[7] have attracted much attentiom Section Il, the characteristics of the MWFS’s based on both
because of their all-fiber configuration and relatively easpPB and DPF configurations are shown. In Section Ill, we pro-
implementation. A filter with multipeak spectrum is placed gbose a technique by inserting another LPFG to reduce the power
the output end of a broadband light source to slice the spectruariation among channels. The temperature effects of EDF and
into many channels. Since only one broadband light sourcecescaded LPFG'’s are discussed. Finally, we conclude our study
needed for the spectrum sliced fiber source, the issues of dosBection IV.
and complexity may be relieved.

Several broadband light sources such as light emitting diodes
(LED’s) [3], superluminescent laser diodes (SLD’s) [4], and
Er-doped superfluorescent fiber sources (SFS’s) [5] have beerfrig. 1(a) and (b) shows the setup of a MWFS based on DPB
used for spectrum sliced fiber sources. Although a light souraad DPF configurations, respectively. The output signal is in
with broader spectrum could generate more channels, lathe same direction with the pump signal for the forward con-
output power and high wavelength stability of the source is alfiguration and in the opposite direction for the backward con-
required. The bandwidth of a LED or a SLD could be largdiguration. The double-pass configurations are employed due

to the higher output power than the single-pass ones [8], [11].
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fiber mirror visibility or contrast, the power of core and cladding modes
should be almost the same. Therefore, one should control the
exposure dosage to obtain each LPFG with a peak loss of 3 dB
(b so that 50% of light is coupled to the cladding and the other
50% remains in the core. Fig. 2 shows the transmission spec-
Fig.1. Schematic diagram of a multiwavelength fiber source based on (a) DR m of the cascaded LPFEG’s. The period of the index variation
and (b) DPF configurations.
and the length of the LPFG are chosen to be g80and 8 mm,
respectively, to have a loss band which covers the EDF’s gain
the fiber mirror and WDM to provide the filtering effect. An iso-spectrum. The fiber length between the two LPFG's/i8$ cm
lator with ~60 dB isolation is used to prevent the formation ofnd the wavelength (channel) spacing of the interference pattern
resonant cavity due to the optical feedback from the output eridl~1.7 nm. It is seen that a total of 14 loss peaks in the center
face. An optical spectrum analyzer with wavelength resolutiéH the LPFG’s loss band can have a peak loss greater than 10
of 0.07 nm is used for spectrum measurement. dB. Since the interference pattern is sinusoidal, the 3-dB width
The LPFG's are externally written in a hydrogenated dispe®f each peak is half of the wavelength spacing, 0.85 nm, and the
sion shifted fiber by using a KrF excimer laser. After expdfinesse is only 2.
sure, a periodic index variation is formed in the core. The two It is shown that the characteristics of an SFS are configu-
LPFG’s are controlled to have the same transmission spectr&adton dependent. The DPB SFS can have a one-humped or
the same exposure dosage. The periodic index variation cau¥¢humped spectrum with different EDF length, however, the
light to be coupled from the core mode to the cladding mod@PF one can only have a one-humped spectrum. In the fol-
when the phase matching condition is satisfied [12]. The cdgwing, we choose different EDF lengths for the DPB and DPF
caded LPFG’s act like a Mach-Zehnder interferometer. A LPREWFS's to characterize their properties. For the DPB config-
acts like a beam splitter since it can couple the core mode to #H@tion, the EDF lengths are chosen to be 10, 15, and 20 m.
cladding mode and vice versa. Due to the different refractive iffuch lengths are chosen due to the following reasons. The 20-m
dices between core and cladding, an optical path difference @€ has a pump-power-independent mean-wavelength opera-
sults after the two modes propagate the same distance betwié@h Both the 10- and 20-m DPB SFS have one-humped spectra.
the LPFG’s. As the cladding mode is coupled back to the cofé€ hump of the former is centered-at530 nm band and the
mode by the second LPFG, it will interfere with the originalatter at~1558 nm band. The 15-m DPB SFS has a spectrum of
core mode and lead to an interference pattern. The wavelengyf@-humps centered at both bands. For a DPF SFS with larger
spacing of the interference pattern can be expressed as ~ output power, the spectrum with only one hump centered at 1530
nm band could be obtained. The 10-m EDF length is chosen

A2 such that the output power is the largest for the DPF SFS, and
Al = dAn 1) 15m length is chosen for comparison.
An-L—A-L- N Fig. 3 shows the output spectra of DPB SFS’s and their cor-
responding MWFS’s for different EDF lengths pumped at 85
where mW. By inserting the cascaded LPFG’s into each DPB SFS, the
An isthe differential effective refractive index of core andorward amplified spontaneous emission (ASE) signal filtered
cladding modes; by the interference pattern is reflected by the fiber mirror. As
L s the distance between the two LPFG's; the signal propagates through the EDF again, it will cause the

A is the center wavelength of the interference spectrumSE to redistribute according to the reflected and filtered signal.
The fiber between the second LPFG and the fiber mirror ®he greater the intensity in any spectrum range, the larger the
coiled to induce a large loss for the cladding mode and avo&E will be in that range so that the output spectrum of the pro-
other interference. To obtain an interference pattern with largesed MWFS follows the interference pattern of the cascaded
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can see that there are 20 channels with a larger extinction ratio
near the center of LPFG’s loss band for the MWFS’s with 10-
and 15-m EDF’s but only nine channels for that with 20-m EDF.
For the MWFS’s with 20-m EDF, the chosen pump power is not
sufficient so that the signal has gains only in the front section
of EDF but has losses in the rear section. The loss in the short
wavelength is larger than that in the long wavelength, therefore,
the spectrum of the forward ASE signal before passing the cas-
caded LPFG's is dominant at 1558 nm band. After filtered by
the cascaded LPFG’s and propagated through the EDF again,
the power of channels at the 1558 nm band (1540-1560 nm) are
larger than those in the 1530 nm band (1525-1540 nm). It is
noted that the channel with the largest power is not centered at
the peak wavelength~(1558 nm) of the original DPB SFS due
to the unequal peak transmittance of each channel of the cas-
caded LPFG’s. The maximum extinction ratio of the 20-m DPB
MWEFS is~14 dB for the channel centered at 1550.1 nm. For the
1520 1530 1540 1550 1560 1570 MWEFES with 10-m EDF, the chosen pump power is sufficient to
Wavelength (nm) provide gains for any section of EDF. Therefore, the spectrum
is similar to the gain spectrum which is dominant at 1530 nm
Fig. 3. Output spectra of SFS’s and MWFS'’s based on DPB configurationhgnd. As the filtered ASE is reflected and propagates through
the EDF again, the power of the channels near the 1530 nm dom-

LPFG'’s. Each peak of MWFS corresponds to the peak wav@ant band is larger than the others. It is noted that the variation
length of the interference pattern. The channel spacing of sudfrextinction ratio among the channels between 1530-1550 nm
a source is also the same as the wavelength spacing of the inesmall, ~2 dB. The maximum extinction ratio is 19.6 dB at
ference pattern. Therefore, the channel spacing could be eafi2.7 nm. For the MWFS with 15-m EDF, the power variation
controlled by varying the distance between the two LPFG’s @mong channels having larger extinction ratios is smaller than
the effective refractive index difference between the core a#tpse of the MWFS’s with 10- or 20-m EDF's. This is because
cladding of different expose dosage. It is seen that the povige original spectrum of 15-m DPB SFS has two humps and is
level for several channels is larger than that of the original DPBOre flattened. The variation of extinction ratio of the channels
SFS in the same wavelength. This is caused by the cascafiefiveen 1538-1555 nmis smaller than 3 dB. The maximum ex-
LPFG’s, which not only filters the signal but also causes powépction ratio is 19.9 dB at 1549.4 nm.

redistribution. For a spectrum sliced source, a cascaded LPFG’§rom Fig. 3, the 10- and 15-m DPB MWFS could have
or other filter is positioned at the output end of an SFS and oryore than 15 channels with large extinction ratios. We further
filters the ASE signal. Thus, the power of each channel is siudy the effect of pump power on the DPB MWFS of these
most the same as that in the SFS if the insertion loss of two lengths, and the results are shown in Fig. 4. Two channels,
cascaded LPFG's is ignored. Therefore, the proposed MWR®ich together with all the channels in between have extinction
could have more power in each channel than that of a spectrtatios larger than 10 dB, and another channel with the largest
sliced source over the wavelength range of interest, 1525-1880inction ratio are selected. The channels are centered at
nm. Total output power are 24.7 and 32.9, 29.5, and 33.5, 24.825.8, 1556.7, and 1542.7 nm for the 10-m DPB MWFS and
and 23.1 mW for the MWFS and original DPB SFS with EDR527.0, 1558.4, and 1549.4 nm for the 15-m DPB MWFS.
lengths of 10, 15, and 20 m, respectively. The power degradatidris shown that the power and extinction ratio increase with
by inserting the cascaded LPFG's into the DPB SFSis only 1.28Jmp power. The extinction ratio becomes saturated as pump
0.55, and 0.30 dB, respectively. Due to the sinusoidal-shapgeiver increases. For the 10-m DPB MWFS, the required
spectrum of cascaded LPFG’s, the loss is at least 3 dB for apiymp power is 30 mW so that all the channels between the
signals passing through. However, the cascaded LPFG'’s are pglected channels have extinction ratios greater than 10 dB,
sitioned before the fiber mirror for the proposed MWFS rathavhile the required power is 42 mW for the 15-m DPB MWFS.
than at the output end for a spectrum sliced source; therefdrey multiwavelength generation, the forward ASE should
only the weak forward ASE signal is filtered, which causes littlpropagate to the cascaded LPFG’s. If the pump power is not
power degradation. The power loss becomes smaller for a psoficient or the EDF is too long, little forward ASE reaches the
posed MWFS having a longer EDF length because the forwat@scaded LPFG’s and there is no multiwavelength generation.
ASE signal is weaker. In the following, we are interested in th&s the pump power increases, more forward signal is filtered
channels between 1525-1560 nm due to the possibility of diy the cascaded LPFG's, and the extinction ratio increases. It
taining a large extinction ratio, e.g., more than 10 dB. The ei& noted that for a longer EDF a larger pump power is required
tinction ratio can be used to evaluate the amount of power redigr multiwavelength generation in the DPB configuration.
tribution. A larger extinction ratio means more power redistribu- Fig. 5 shows the output spectra of the DPF SFS and the
tion. As the channel’s power increase, it will lead to the redutAWFS based on the DPF configuration pumped at 85 mW.
tion of crosstalk between adjacent channels. From Fig. 3, oAe the cascaded LPFG's is inserted before the fiber mirror,
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£ I g only 18 mW for the 10-m DPF MWFS and 20 mW for the
B 005 = 15-m one such that all the channels between the selected chan-
3 nels have extinction ratios greater than 10 dB. When the pump
oL power is slightly greater than the threshold for the DPF MWFS
with any EDF length, the backward ASE signal is always fil-
Pump Power(mW) tered by the cascaded LPFG's such that the MWFS could be
generated. No matter how long the EDF is used, the required
(b) pump power for multi-wavelength generation is nearly the same.

However, the pump power for the DPB MWFS should be suffi-
Fig. 4. Output power and extinction ratio versus pump power for (a) 10-gient to generate sufficient forward ASE signal, which can prop-
and (b) 15-m DPB MWFS’s. The solid circles represent the channel having tﬁ%ate through the cascaded LPFG’s and be filtered. Thus, the
largest extinction ratio. The solid triangle and rectangular represent the shor}e t he EDE is the | h ired f h
and longest channels with an extinction ratio larger than 10 dB, respectively.onger the Is the larger the required pump power for the
DPB MWEFS is. Therefore, the required pump power to gen-

erate all the 20 channels with extinction ratios larger than 10 dB

similar to the mechanism described previously for DPB cofs smaller for the DPE MWES than that for the DPB one with
figuration, the output spectrum will have the same peaks #f same EDF length.

the interference pattern of the cascaded LPFG’s. Due to the
power redistribution by adding the cascaded LPFG's, there . DISCUSSION
are several channels whose power level are greater than those '
in the original DPF SFS’s. The output power of the DPF SFS In the previous sections, we show that as a cascaded LPFG’s
and the corresponding MWFS are 25.0 and 24.5 mW, 19.5 ascemployed in the conventional double-pass SFS’s to generate
18.6 mW for both 10- and 15-m ones, respectively. The powatMWFS, many channels can have greater power than the orig-
degradation by inserting the cascaded LPFG’s for these timal double-pass SFS’s due to power redistribution. The largest
MWEFS'’s are only 0.1 and 0.2 dB, which is also smaller thaextinction ratio of the proposed MWFS is about 20 dB, and
those in the spectrum sliced source. There are total 20 chanmelsld not be further increased because of residual single-pass
with extinction ratios larger than 10 dB for both 10- and 15-mASE. This extinction ratio of the proposed MWFS is larger than
DPF MWFS’s. The maximum extinction ratio is 20.1 and 18.that of the cascaded LPFG’s spectrum. Therefore, the proposed
dB for the 10- and 15-m DPF MWEFS's, respectively. It is noteMWFS will have larger power and extinction ratio in the in-
that the extinction ratio of the 10-m DPF MWEFS is nearly thterested channels than the spectrum sliced fiber source with the
same, about 20 dB, between 1530-1548 nm. same cascaded LPFG’s. Several spectrum sliced WDM systems
Fig. 6 shows the effects of pump power on the characterisave been demonstrated. A MWFS with extinction ratio of 6 dB
tics of DPF MWFS's with EDF lengths of 10 and 15 m. Thevas used to demonstrate a WDM system operating at 622 Mb/s
channels are centered at 1525.8, 1541.0, and 1556.7 nm for[tt®]. Recently, Haret al. has demonstrated a 2.5-Gb/s spectrum
10-m DPF MWFS and 1526.2, 1543.1, and 1557.1 nm for tiséced WDM system, where the extinction ratio mainly obtained
15-m MWEFS. The power and extinction ratio for each channby array waveguide grating is25 dB [14]. As our proposed
also increase with pump power. The required pump powerMWFS is to be used for a WDM system, each channel will be
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Fig. 6. Output power and extinction ratio versus pump power for: (a) 10-m
and (b) 15-m DPF MWFS's. The solid circles represent the channel having the
largest extinction ratio. The solid triangle and rectangular represent the shortest
and longest channels with an extinction ratio larger than 10 dB, respectively.

modulated, and a demultiplexer, e.g., array waveguide grating
or DWDM, is needed to separate each channel. It has been in-
dicated that the crosstalk of a spectrum-sliced WDM system is
contributed from the out-of-band rejection level of the demul-
tiplexer [15]. Therefore, we expect that the proposed MWFS
can be a candidate source for Gigabits WDM system when a
demultiplexer with large out-of-band rejection level is used for
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It is noted that the envelopes of channel’'s power level basi-
cally follow the original spectra of the double-pass SFS’s. Only

the 15-m MWFS based on DPB configuration could have chan< S
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nels with power variation less than 10 dB in the wavelength

range of interest. For other cases, most power is centered inlieecoiled to avoid formation of another interference pattern.
dominant bands of the original double-pass SFS’s, which witig. 8 and 9 show the effect of adding LPFG1 on the 10-m

Output spectra of a 10-m flattened DPF MWFS.

limit the application of such a MWFS. To decrease the powWFS in the DPB and DPF configuration, respectively. The

variation among channels, an original double-pass SFS witRFG1 has a peak loss of 6 dB centered at 1530.2 nm and has a
more flattened spectrum is required. It has been shown that3yB width of 14.8 nm. It is clearly seen that power of the chan-
inserting an appropriate LPFG before the fiber mirror the spewels near the 1530 nm band decreases while that of the chan-
trum of a DPB SFS could be broadened [16]. Therefore, we inels outside the band increases. As power of channels outside
sert another LPFG named LPFG1 between the WDM and ttiee LPFG1's loss band increases, the residual single pass ASE
cascaded LPFG'’s, shown in Fig. 7, to obtain a flattened MWF8&so increases. Therefore, the extinction ratio remains nearly the

The fiber between LPFG1 and the cascaded LPFG’s should adsane after inserting LPFGL1 to flatten the MWFS. The power
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Fig. 10. Temperature effect of EDF on the stabiltiy of a MWFS. Fig. 11. Temperature effect of cascaded LPFG's on the stability of a MWFS.

variation among channels decreases from 15 to 8 dB for thtthe channel becomes smaller than the original value, and re-
10-m DPB MWES and 16 to 9 dB for the 10-m DPF one. Iults in a decrease in power level. From the above discussion, it
a more appropriated LPFG is utilized, a MWFS with nearly thean be concluded that the stability of the MWFS is mainly de-

same power in each channel can be generated. termined by the cascaded LPFG's.
For WDM applications, each channel of a MWFS should
have stable wavelength and power. In the following, we discuss IV. CONCLUSION

the temperature stability of the proposed MWFS, including the )
temperature effects of EDF and cascaded LPFG'’s. The 10-mVe have demonstrated a new method to generate a high
MWFS in DPF configuration is taken as an example. To difOWer MWES by inserting cascadgd LPFG’'sina conven.tlonal
tinguish temperature effects of EDF and cascaded LPFG’s, itPle-pass SFS. For the MWFS in a DPB or DPF configura-
temperature of the EDF and cascaded LPFG's is controlled stfD: 20 channels with extinction ratios greater than 10 dB can
arately from room temperature to 10€C while the tempera- be obtameq between 1525-1560 nm. The_channel spacing and
ture of the other components is set at room temperature. Fig.[1§ 3-dB width of each channel are determined by the cascaded
shows the temperature effect of EDF on the MWFS. The chankélFG’S- The channel spacing is the same as that of the inter-
centered at 1530.3 nm is selected for instance. The peak wa@&€nce pattern of the cascaded LPFG's. The 3-dB width is half
length remains the same although the temperature of EDF vag&&€ channel spacing and thus the finesse is 2. Itis shown that
from room temperature to 100C. As the temperature of epk the cascaded LPFG’s not only prowdes_ th_e filtering effect but
increases, the power level decreases slightly because the @& causes the spectral power to redistribute. Therefore, the
spectrum shifts slightly toward long wavelength side as temp&HtPut power of each channel of the MWFS is larger than that
ature increases. The power variation rate is only 0.006@B/ of a spectrum sl!ced source. The charactensnc; of the proposed
Fig. 11 shows the temperature effect of cascaded LPFG's YYVFS are configuration dependent. The required EDF length
the MWFS. As the temperature of LPFG's increases, the pe&d Pump power for generating MWFS are smaller in DPF
wavelength shifts toward long wavelength side at a rate of 0.03gnfiguration than those in DPB configuration. The total output
nmFC, resulted from the increased optical path difference BPWer of the DPB MWFS is larger than that of DPF one. Little
core and cladding modes. The thermal induced wavelength-sRigver degradation, e.g., smaller than 0.5 dB, incurs when the

of the cascaded LPFG’s can be expressed as cascaded LPFG’s is used for both the DPB and DPF MWFS's.
The envelope of channel’'s power level follows the original

d\A  L-AX [{0An 1 dL spectrum of the double-pass SFS. Only the DPB MWFS with

ar - a <ﬁ +A4n- i3 ﬁ) : ( an appropriate EDF length, e.g., 15 m in our case, could have

channels with smaller power variation. For DPF configuration
An can be calculated to be 0.003 86 from the phase-matchimgDPB one with other EDF lengths, the spectrum flattening is
condition of the LPFG. The thermal expansion coefficient afeeded to obtain a MWFS with small channel’s power variation.
silica fiber is~5 x 10~7/°C [17]. The wavelength-shift due We propose a method by inserting another LPFG between the
to the thermal expansion is 0.000276 A/ which is only cascaded LPFG’s and WDM for generation a MWFS with small
1.7% of the total shift. Therefore, the thermal induced wavehannel’s power variation. The results show that the power vari-
length-shift of the cascaded LPFG’s is mainly contributed frorttion could be decreased from more than 15 dB to smaller than
the thermal variation of the differential effective index of thed.0 dB. It is possible that a more flattened MWFS could be ob-
core and cladding mod€dAn /JT) is calculated to bé.1 x  tained if a more appropriate LPFG is used. The measurement
10~7. The resultis consistent with that shown in [18]. The poweaf temperature stability of MWFS shows that the wavelength
level decreases slowly with the temperature of cascaded LPFGf®ach channel remains constant when the temperature of EDF
at a rate of 0.008 dBLC. Since the loss band of an LPFG shifténcreases, but increases at a rate of 0.016 @ras the temper-
toward the long wavelength side with temperature, the contrastire of cascaded LPFG’s increases. The power variation rates
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0.008 dB?C, respectively. Therefore, the stability of the pro- of optimal Er-doped superfluorescent fiber sources in different configu-

rations,”Electron. Lett, vol. 33, pp. 703—704, 1997.

posed MWEFS is mainly determined by the cascaded LPFG'ELZ] A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins, V. Bhatia, T. Erdogan,
rather than by the EDF. and J. E. Sipe, “Long-period fiber gratings as band-rejection filteks,”
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