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A novel approach to implement high channel-count comb filters based on a DC phase shift
is proposed. Various channel spacings can be achieved by a single chirped phase mask and
a submicrometer-precision translation stage. Simulation and experiment show that arbitrary phase
shifts introduced by DC refractive index modulation can be achieved. An multichannel comb filter
with channel spacing of 100 GHz, 50 GHz and 40 GHz is implemented with the same phase mask.
A comparison between the proposed DC phase shift and traditional discrete phase shift is made. 
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1. Introduction
Fiber Bragg gratings (FBGs) are essential optical devices ranging from optical
communications to sensor applications. In recent years, multichannel FBG filters
(MCFBGFs) are especially attractive for dense wavelength division multiplexing
(DWDM) applications and increasing system capacity in the existing long-haul fiber
transmission systems because of their compactness, low insertion loss, and comb filter
response [1–3]. Therefore, the design of MCFBGFs has received considerable
attention and many methods have been proposed in this respect. 

In [4], multiple phase shifts (MPS) are introduced in sampled fiber Bragg gratings
(SFBGs) to realize dense channel spacing. It can densify spectrum of SFBGs both
spectrally and spatially. However, the main limitation is that the frequency comb
exhibits discrete phase shifts among the individual wavelength channels, and the side
band suppression ratio (SBSR) is low, which potentially limits the range of
applications of this filter. However, the phase fluctuations can be compensated by
concatenating in series a second filter identical to the first one, only with opposite
phase shift [5]. But, this method can only improve SBSR about 3 dB. Periodically
chirped sampled fiber Bragg gratings (PC-SFBGs) are proposed as multichannel comb
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filters by ZOU et al. [6]. But this method needs a periodically chirped phase mask,
which is hard to apply. Another approach has been demonstrated based on linearly
chirped SFBG (LC-SFBG). This method has the advantage that high-performance
comb filters can be fabricated by simple technology. However, for a given phase mask,
only FBGs with special channel spacing can be fabricated [7, 8]. CHINHUA WANG
showed that for specific conditions between the grating chirp and sampling period,
the channel spacing can be reduced compared to the value obtained using conventional
sampling techniques [9]. However, channel spacing can only be densified for the times
of N. This method is developed in [10], in which varying channel spacing can be
achieved by a single strongly chirped phase mask with phase shifts. The required phase
shift is obtained by a precise translation stage, so it is complex and expensive.

In this paper, a novel approach to implement high channel-count comb filters based
on DC phase shift is proposed. Various channel spacing can be achieved by a single
chirped phase mask and a submicrometer-precision translation stage. A comparison
between the proposed DC phase shift and traditional discrete phase shift is made, which
shows a good agreement. The proposed method is cost-effective, flexible and simple
compared to traditional ones.

2. Principle
The index modulation Δn(z) of LC-SFBG can be expressed as 

(1)

where n0 is the effective core index, ΔnAC(z) and ΔnDC(z) stand for the AC and DC
refractive index modulation. The sampling function s(z) can be as follows:

(2)

where f (z) is the index modulation amplitude of each sample, P is the sampling
period, (2l – 1)α is a phase shift introduced after the k-th sample, Λ0 is the central
period of chirped-fiber Bragg grating (CFBG), C is the chirp coefficient. With
the theory of spectral Talbot effect, when C and α  satisfy

(3)

where T is positive integers, then the channel spacing Δλ is

(4)
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It can be seen that when α = 0, the sampled FBG is exactly the LC-SFBG
demonstrated in [7] (T = 1) and (T ≥ 1) [9]. However, through the introduction of α ,
various channel spacing can be achieved with the same phase mask (the same C ). 

According to Eq. (1), if ΔnDC(z) change, a phase can be introduced correspondingly.
This is because when ΔnDC(z) increase, the time needed for the light to be transmitted
the same length is increased, so the phase of light is changed. With DC phase shift we
will not need a precise translation stage of nanometer dimension, a submicrometer-
-precision translation stage is enough. Figure 1a shows an AC index and DC index
refractive modulation distribution of the proposed multichannel FBG. Figure 1b shows
the reflectivity spectrum with and without DC phase shift. In the simulation,
n = 1.4775, Λ0 = 534.16 nm, C = 2.4 nm/cm, T = 1, P = 1.086 mm and then α = 0.25π
from (3). The apodization profile of each sample is a Gaussian function with a full-
width at half-maximum (FWHM) of about 0.3 mm.

3. Experiment 
To implement the proposed comb filter based on DC phase shift, it is important to
control the precision of DC refractive index change. We use the MPS technique to
make sure the DC refractive index change [4]. When applying the DC phase shifts
ϕk = 2πk /m, between the k-th and the (k + 1)-th FBGs, the channel spacing Δ fMPS
becomes

(5)

where c is the velocity of light, n is the effective refractive index, and Ls is the sampling
period. 

Figure 2 shows a simulated reflective spectrum with DC phase shift (m = 2). When
DC phase shifts of 0 and π are introduced alternatively to the FBGs, the reflective
spectrum (bold line) is symmetrical to the initial reflectivity (thin line). When DC
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Fig. 1. Simulation example of comb filter: DC refractive index modulation (dotted line) and AC refractive
index modulation (solid line) distribution (a); reflectivity with (dotted line) and without (solid line) DC
phase shift (b).
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phase shift is not alternative 0 and π, the reflectivity is asymmetrical to the initial
reflectivity, as indicated by the dotted line and dashed line. Through this method, we
can test the DC phase shift at the position without AC refractive index modulation
precisely. 

After several tests, SFBGs with 2/3π, π, 4/3π and 2π phase shifts are fabricated
with a frequency doubled argon-ion laser operating at 244 nm and Physik Instrumente’s
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Fig. 2. Simulated reflective spectrum with different DC phase shifts (m = 2).

–30

–20

–10

0

R
ef

le
ct

iv
ity

 [d
B

]

Wavelength [nm]
1548 1549 1551 15521550

 

–30

–20

–10

0

R
ef

le
ct

iv
ity

 [d
B

]

Wavelength [nm]
1548 1549 1551 15521550

–30

–20

–10

0

R
ef

le
ct

iv
ity

 [d
B

]

Wavelength [nm]
1548 1549 1551 15521550

Fig. 3. Measured reflectivity of fabricated fiber with (solid line) and without DC phase shift (dotted line):
0, π DC phase shift, alternately (a); 0, 2π/3, 4π/3 DC phase shift, alternately (b); 0, 2π DC phase shift,
alternately (c).
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translation stage (submicrometer-precision) on hydrogen-loaded Ge-doped photosen-
sitive fibers and then measured by a Luna optical vector analyzer. Figure 3 shows
the measured reflective spectrum of fabricated fiber with and without DC phase shift.
The total length of the FBG is 6 cm and the DC length (located in the middle of each
sampling period) is 500 μm. The power of ultraviolet (UV) light is 15 mW. The DC
refractive index is increased by 5.167×10–4, 7.750×10–4, 1.033×10–3, 1.550×10–3 for
2π/3, π, 4π/3, 2π phase shifts, and the exposure times are 14.2 s, 21.5 s, 28.8 s, 43.3 s,
respectively. The exposure time is nearly linear to the phase shift, as refractive index
change is not at the saturated status. 

4. Results

Based on the DC phase shift method, the reflectivity responses of comb filters with
different channel spacing are achieved with a given phase mask, which are plotted in
Fig. 4.

In the design, Λ = 530.65 nm, C = 1.15 nm/cm. The apodization profile of each
sample is a Gaussian function with a full-width at half-maximum (FWHM) of about
0.3 mm. The length of DC refractive index modulation is 500 μm, and the maximum
DC refractive index change is 1.544×10–3, 1.509×10–3 and 1.493×10–3, respectively.

Figure 5 shows the reflectivity responses with direct phase shift and DC phase
shifted method with the parameter as that of Fig. 4a. It can be seen that the proportion
of DC length to the total sampling length can affect the SBSR of reflective spectrum.
With an increase of DC length, the SBSR decreases. This is because the shorter
length of a DC phase shift means that the DC phase shift gets closer to a discrete
one. The longer length of a DC phase shift means the more of interchannel phase
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Fig. 4. Reflective spectrum of comb filter with DC phase shift (C = 1.15 nm/cm): Δλ = 100 GHz, T = 1,
P = 0.99 mm, α = 0.5855π (a); Δλ = 50 GHz, T = 2, P = 0.99 mm, α = 0.0877π (b); Δλ = 40 GHz,
T = 3, P = 0.825 mm, α = 0.047π (c).
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fluctuations, so the SBSR decreases. However, the DC length is also limited by
the maximum refractive index modulation. So, there is a trade-off between the propor-
tion of DC length and the SBSR. Through changing the proportion of DC length, we
can fabricate a comb filter with different SBSR as we needed, if only the DC refractive
index change is not at saturated status. 

5. Conclusions

In this paper, a novel approach to implement high channel-count comb filters based
on DC phase shift is proposed. Various channel spacing can be achieved by a single
chirped phase mask and a submicrometer-precision translation stage. Simulation and
experiment show that arbitrary phase shifts introduced by DC refractive index
modulation can be achieved. Multichannel comb filter with channel spacing of
100 GHz, 50 GHz and 40 GHz is implemented with the same phase mask. A com-
parison between the proposed DC phase shift and traditional discrete phase shift is
made. With the decrease of DC length proportion, the SBSR increases. However,
the DC length is also limited by the maximum refractive index modulation. So, there
is a trade-off between the proportion of DC length and the SBSR. The proposed method
is cost-effective, flexible and simple compared to traditional ones.

Reference 
[1] LI H.P., LI M., SHENG Y.L., ROTHENBERG J.E., Advances in the design and fabrication of high-channel-

-count fiber Bragg gratings, Journal of Lightwave Technology 25(9), 2007, pp. 2739–2750.
[2] LIU X.M., Tunable ultranarrow dual-channel filter based on sampled FBGs, Journal of Lightwave

Technology 26(13), 2008, pp. 1885–1890.
[3] BURYAK A.V., KOLOSSOVSKI K.Y., STEPANOV D.YU., Optimization of refractive index sampling for

multichannel fiber Bragg gratings, IEEE Journal of Quantum Electronics 39(1), 2003, pp. 91–98.

Wavelength [nm]

R
ef

le
ct

iv
ity

 [d
B

]

1534 1536 1538 1540
–60

–40

–20

0

Fig. 5. Comparison of direct phase shift and DC phase shifted method. Direct phase shift (dotted line),
the length of subgrating with DC phase shift is 500 μm (solid line) and the length of subgrating with DC
phase shift is 800 μm (dashed line).



Multichannel comb filter based on linearly chirped fiber Bragg grating... 797

[4] NASU Y., YAMASHITA S., Densification of sampled fiber Bragg gratings using multiple-phase-shift
(MPS) technique, Journal of Lightwave Technology 23(4), 2005, pp. 1808–1817.

[5] MAGNÉ J., AZAÑA J., LAROCHELLE S., CHEN L.R., Simple technique for eliminating the inter-
channel phase fluctuations in spectral Talbot-based periodic comb filters, Photonics Technology
Letters 18(18), 2006, pp. 1958–1960.

[6] ZOU X.H., PAN W., LUO B., QIN Z.M., WANG M.Y., ZHANG W.L., Periodically chirped sampled
fiber Bragg gratings for multichannel comb filters, Photonics Technology Letters 18(12), 2006,
pp. 1371–1373.

[7] CHEN X.-F., FAN C.-C., LUO Y., XIE S.-Z., HU S., Novel flat multichannel filter based on strongly
chirped sampled fiber Bragg grating, Photonics Technology Letters 12(11), 2000, pp. 1501–1503.

[8] CHEN X., MAO J., LI X., LIN Z., XIE S., FAN C., High-channel-count comb filter with a simple
structure, OFC 2004, Los Angeles, CA, Paper TuD2.

[9] CHINHUA WANG, AZANA J., CHEN L.R., Efficient technique for increasing the channel density in
multiwavelength sampled fiber Bragg grating filters, Photonics Technology Letters 16(8), 2004,
pp. 1867–1869.

[10] YITANG DAI, XIANGFEI CHEN, XIMING XU, CHONGCHENG FAN, SHIZHONG XIE, High channel-count
comb filter based on chirped sampled fiber Bragg grating and phase shift, Photonics Technology
Letters 17(5), 2005, pp. 1040–1042.

Received January 15, 2011
in revised form March 22, 2011



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


