Chapter 6

Fiber Grating Band-pass
Filters

Let the band pass. . . .

For many applications, the transmission characteristics of a fiber Bragg
grating are really the wrong way around: it is a band-stop rather than a
band-pass filter. For example, tuning a radio enables the selection of a
channel, not the rejection of it from a bread frequency spectrum. However,
a Bragg grating works quite in reverse, and therefore cannot be easily
used for channel selection. Optical transmission systems also require a
“channel-dropping” function, in which a channel is selected from a large
spectrum of designated channels. These optical channels are on a coarse
grid of 100 GHz (multiples and submultiples of), which is currently being
debated. A system based on wavelength or frequency sliced channels is
a logical one and will prevail in future telecommunications networks. The
advantage of such a standardized system is not in doubt, only the alloca-
tion of the channels, which is a matter for discussion by international
standards committees around the world. In view of the future worldwide
integration of telecommunication services, it is only a matter of time
before an industry standard emerges.

The immediate question that springs to mind is: Will fiber gratings
play a role in emerging systems, given that their function is not the one
naturally desired in a majority of application in filtering? The answer to

227



228 Chapter 6 Fiber Grating Band-pass Filters

the question lieg in their ability to invert the function to the desired one
with a minimum of engineering and expense. The sales volume of gratings
will crucially depend on how well and easily they fit this task. A problem
needing a solution is ideal for creativity. To this end a number of options
have appeared. None is ideal, but within the context of a wider technology,
there are appropriate solutions for many applications, albeit at a cost.

What are the options? These may be categorized into two types. First
are those that work in reflection, as is normally the case with Bragg
gratings. These are principally the following:

1. The optieal eirculator with grating

2. The single grating in one arm of a coupler

3. (Possibly the most attractive) The in-coupler reflection band-pass
filter

4, The dual grating Michelson interferometer
5. The dual grating Mach-Zehnder interferometer
6. The super-structure grating

Those that work in transmission include most notably:

7. The distributed feedback (DFB) grating
8. The Fabry-Perot interferometer
9. The composite moiré resonator
10. The chirped grating, or radiation loss with transmission window
11. The side-tap filter
12. The long-period copropagating radiation mode coupler
13. The polarization rocking coupler
14. The intermodal coupler
15. The in-coupler Bragg grating transmission filter
The above list may be subdivided into interferometric, which include
devices 4-9, and noninterferometric. It is worth noting that although
interferometric devices conjure up the image of sensitivity to external
stimuli, it is not necessarily true of all in that category (devices 6, 7, and
9). By suitable design, devices 4, 5, and 8 have been rendered insensitive
and demonstrated to be stable. All gratings are temperature and strain

sensitive; however, the temperature sensitivity is low, <0.02 nm/°C, so
that over a working temperature range of 100°C, the change in the op-
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erating wavelength is only ~2 nm. As a fraction of the channel spacing
(100 GHz or 0.8 nm), it is still too large and must be stabilized. Thus,
schemes need to be developed to counter the effects of temperature. Pas-
sive packaging can isolate the grating from experiencing effects of strain.
Both temperature and strain have been used along with grating-based
band-pass filters to control novel functions such as optical add-drop multi-
plexers and demultiplexers.

We now consider some of these filters in detail, along with their
attributes and shortcomings.

6.1 Distributed feedback, Fabry-Perot,
superstructure, and moiré gratings

The general form of the band-pass filter described in this section is a
grating or a combination of gratings physically written at the same loca-
tion. The composite transmission spectrum of this band-pass filter can
be a single or a series (one to many) of high transmission windows sepa-
rated by bands that are rejected by reflection.

6.1.1 The distributed feedback grating

The distributed feedback fiber grating is probably the simplest band-pass
filter and comprises a phase-step within the length of the grating. It is
a Fabry—Perot filter with a gap of less than one Bragg wavelength. The
position and the size of the phase step determine the position and the
wavelength of transmission band. A schematic of this grating is shown
in Fig. 6.1.
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Figure 6.1: The fiber DFB Bragg grating. A transmission peak appears in
the center of the band stop when the gap is precisely A/4.
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The DFB structure is used in semiconductor lasers to enable single
frequency operation [1,2]. The single A/4 phase-shifted DFB [1] has a pass
band in the middle of the stop band. The pass band has a very narrow
Lorentzian line shape. While this narrow pass band is useful for filtering,
the need exists for broader-bandwidth, high-finesse transmission filters.
Cascading several such structures leads to an improved, broader trans-
mission bandwidth [3-5], and has been generally well known in electrical
filter design, The developments in fiber Bragg grating technology have
made it possible to fabricate direct in-fiber analogs. Low-loss, high-finesse
filters, using both a single A/4-shifted and cascaded phase-shifted DFB
structures have been reported in the literature [6,7]. Rare-earth-doped
fiber DFB lasers (see Chapter 8) have also been demonstrated [8].

Coupled-mode analysis developed in Chapter 4 leads directly to the
fields in each grating. The matrix method provides a simple route to the
transfer function of the DFB structure. Recalling Eq. (4.8.22), the transfer
matrix of the DFB is

Tprs = T°T*T, (6.1.1)

where TP? is the phase shift matrix shown in Eq. (4.8.19)
—i{ ¢ 12) 0
TPS — [e 0 eﬂw,,z)]. (6.1.2)

Remembering that the transfer matrix elements of 7° and T¢ are
described by Egs. (4.8.18)-(4.8.21) immediately leads to the solution for
the DFB transfer function, Tppg:

TDFB _ [T%IT%IT%; + THTuTs: TuThThi + T%ZT%ZT%;]

THTHTY + T5TuTs ThTieTh + T5:T5:T5 6.1.9)
[ 1]
780 i |

The transmitted power according to Eq. (4.8.8) is

2 2

Pzt Iy NN R 1
TOPB| ~ TOPRTOFPY ~ |THTLTS + TRThThl|

(6.1.4)

where * indicates the complex conjugate, and 755 = (T9])*.
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From conservation of energy, we find that the reflectivity
|PPFE2 = 1 — |PFEE, (6.1.5)

Note that in general both grating sections need not be placed symmet-
rically around the phase step and that the gratings may have different
bandwidths and refractive index modulation amplitudes. However, the
simple band-pass filter has, in the center of a uniform grating, a =2
phase step, which has the effect of introducing a single pass-band in the
transmission spectrum. In this case, Th; = (T%,)*, and T}, = T%,. Figure
6.2 shows the band-pass spectrum of two 3-mm-long gratings, each with
a quarter-wavelength step in the center. The amplitudes of the refractive
index modulation are 5 X 10~* and 102, Notice that although there is
a very narrow transmission band in the center of the grating spectrum
within a band stop of ~1 nm, there are strong side lobes on either side.
The band pass is a highly selective filter within a relatively narrow band
stop. A uniform grating of the same length but without the phase satep
has a bandwidth approximately half that of the full band stop of the DFB
grating. The DFB grating may be viewed as being composed of two single
gratings, each half the length of a uniform one.

The phase mask allows the replication of phase-shifted DFB struc-
tures into fibers in a simple and controlled manner [6]. This has been
done successfully to produce a variety of band-pass DFB structures, and
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Figure 6.2: The calculated transmission spectrum of 3-mm-long DFB grat-
ings, with a A/4 phase-step and refractive index modulation 5 x 10™* for the
dashed line and 1072 for the continnouns line, respectively.



232 Chapter 6 Fiber Grating Band-pass Filters

the transmission spectrum of one such grating is shown in Fig. 6.3. In
this grating, a phase step of A/4 was introduced in the middle of the
phase mask and replicated. This type of grating is a simple Fabry-Perot
interferometer that has a band stop inversely proportional to ~0.25Lg.
A feature to note is the second peak on the side of the main band pass,
which is due to the birefringence of the fiber estimated from the separation
to be ~1 X 10 °. The combination of photoinduced and intrinsic birefrin-
gence becomes apparent with the extremely narrow band-pass structure
of the DFB grating. The finesse of this DFB grating was ~67. The trans-
mission peak is very sensitive to losses within the grating structure. Note
that although the band pass has not been fully resolved, there is OH™
absorption loss in this grating because of hydrogenation, and conse-
quently, the transmission peak is diminished.

Phase shifts within a grating can be produced in several ways. Can-
ning and Sceats [7] showed that postprocessing the center of a uniform
grating with UV radiation results in a permanent phase-shifted structure.
This method relies on the fact that the UV radiation changes the refractive
index locally to produce an additional phase shift [53]. The UV-induced
refractive index change required in a 1-mm-long fiber for a A/4 phase shift
at a wavelength of 1530 nm is ~3.8 X 10 ¢, which is easily achieved. The
DFB structure in a rare-earth-doped fiber is useful for ensuring single-
frequency operation [9], in much the same way as semiconductor DFB
lasers. An inexpensive high-quality fiber-compatible laser exhibiting ex-
tremely low noise is particularly attractive for telecommunications. Initial
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Figure 6.3: Transmission characteristics of an 8-mm-long DFB grating pro-
duced by replication of a phase mask with a A/4 phase shift in the center [6].
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laser diede pumped fiber DFB devices producing ~1 mW single-frequency
radiation have already shown the promise of low noise of —160 dB/+/Hz
[9] (see Chapter 8).

Apodization of the grating leads not only to a smoothing of the side
mode structure but also to a reduction in effective length of the grating.
The reflectivity is reduced and the band-pass bandwidth increases. There
are several apodization envelopes to choose from (see Chapter 5), and
they all have a similar effect in unchirped DFB gratings: a reduced reflecti-
vity due to the reduction in the effective length of the grating. Figure 6.4
shows the effect of two such apodization envelopes: the cosine and raised
cosine (exponent = 2) for a 3-mm-long DFB with a refractive index modula-
tion amplitude of 1 X 1072 for both gratings.

Compared to Fig. 6.2, the side-mode structure has been smoothed
out. This effect is especially useful for concatenated fiber DFB lasers
operating at different wavelengths [10].

The shape of the band pass is not ideal for many applications; a flat
top is desirable. In order to increase the bandwidth of the band pass,
several concatenated phase steps may be used within a single grating.
The principle has been known in filter design [11], and its use was proposed
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Figure 6.4: Transmission spectra for two 3-mm-long DFB gratings with co-
sine (A) and raised cosine (B) apodization. The stronger apodization (B) reduces
the effective length of the grating and therefore the reflectivity. The FWHM
bandwidths of the transmission peaks arc 0.1 nm (B) and 0.05 nm (A).
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by Haus for semiconductor DFB structures [3,4]. Figure 6.5 shows the
practical implementation of such a grating.

Agrawal and Radic [5] have shown that two phase steps place in the
grating open a second band pass. The position and size of the phase step
shifts the location of the band pass within the band stop of the grating
spectrum. The transmission spectrum for a simple case of two symmetri-
cally placed phase shifts of #/2 is shown in Fig. 6.6.

Two peaks have appeared in the transmission spectrum. The two
band-pass peaks can be made to coalesce or move apart by altering the
ratio of the lengths of the grating sections. By choosing several phase
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Identical phase-steps of /2 at each gap between subgratings

Figure 6.5: The schematic of a cascaded, quarter-wavelength shifted DFB
filter, comprising gratings of identical length symmetrically placed around the
center.
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Figure 6.6: A 3-mm-long grating with two /2 phase shifts 1 mm apart. The
refractive index modulation amplitude is 1 x 1073,
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shifts Zengerle and Leminger [4] demonstrated the ideal ratios of the
lengths of the gratings for an optimized pass band. A quality factor s,
defined as the ratio of the pass bandwidth at 10% and 90%, is 0.16 for a
single phase-step DFB grating with a coupling constant «L = 2.9. Alength
sequence of 1:2:2.17:2.17:2:1 appears to produce a ripple of only 0.3 dB
within the pass band with a quality factor of ~0.87. This ratio of the
grating lengths will produce the quality factor irrespective of the overall
length of the grating. The design was for a semiconductor grating, and
the target was for a 0.4-nm band-pass filter. In Fig. 6.5, six gratings are
shown with intermediate phase shifts. The lengths L, = Lg: Ly = Ly :
Ly = L, should therefore have the ratio of 1:2:2.17. Note the flat-top pass
band.

Wei and Lit [12] have examined symmetrical configurations of 3 and
4 phase-shifted structures. Unity transmission occurs for a symmetrical
three-grating-section filter with two #/2 phase shifts when the grating at
either end is half the length of the grating(s) in between. Although this
is not a unique condition for unity transmission at the Bragg wavelength
(see, for example, Fig. 6.7) in a multisection grating, the three-section
and four-section gratings (two phase shifts and three phase shifts) have
been shown to have a near unity transmission at the Bragg wavelength
if the ratio C of ~2 is maintained; i.e., for the four-section grating, L,: L, :
Ly : L, = 1:2:2:1, for a variety of coupling constants, «L up to ~2.5. It
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Figure 6.7: Transmission spectrum of two gratings with 4 X A4 cascaded
phase step and cosine apodized envelope. Five equal-length gratings of 1.50 mm
each have been used, giving a total length ~7.5 mm. The refractive index modula-
tion amplitude is 5 X 10" 4B} and 1 x 107%A). The FWHM bandwidth of the
central pass band is approximately 0.25 nm (B) and 0.1 nm (A); compare with
the grating spectra in Fig. 6.4, which have the same individual grating lengths.
The bandwidth of (A) above is the same as in Fig. 6.4B, but has a flat top and a
squarer profile, with a quality factor of 0.65 (see text) for a «L of ~4.
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appears that the ratio for the sections C = 2 is an asymptotic value for
a flat-top band-pass filter. Increasing this ratio introduces a ripple in the
band pass as a result of the individual band-pass peaks separating, while
reducing it narrows the bandwidth of the pass band, also reducing the
transmission. The ripple in the pass band may be kept between 1% and
5% for a ratio of 1.8 < C < 2.6.

The bandwidth of the band pass is inversely dependent on the cou-
pling constant. In order to maintain a reasonable bandwidth of the filter,
coupling constants must remain low («L ~ 1), as should the grating section
{L; < 1 mm), For example, in the three-section grating, section lengths
of 0.5 and 1 mm with a <L, = 1.4 will result in a bandwidth of ~0.25
nm.

These results change with larger number of sections. For example,
Fig. 6.7A shows the transmission spectrum for a grating with a «L; -~
1.4, but with a FWHM bandwidth of ~0.1 nm. The bandwidth is exactly
the same as the single-phase-step DFB grating shown in Fig. 6.4B, but
the square top shows that the roll-off is steeper for the larger number of
sections [12]. A major concern is the trade-off between the bandwidth
and extinction. For many filter applications, an extinction of >30 dB is
necessary. This requirement immediately points to a xL > 4.16. Therefore,
this filter may not be an ideal candidate, since both requirements may
be difficult to achieve.

Fiber Bragg gratings with multiple phase-shifted sections have been
realized for band-pass applications. Bhakti and Sansonetti [13] have mod-
eled the response of gratings with up to eight phase-shifted sections. The
design strategy was for an optimized band-pass filter with a ~0.8-nm
bandwidth, as well as negligible in-band ripple. Increasing the number
of sections was shown to make the pass band more rectangular, but re-
duced the stopped bandwidth. An asymptotic value for the band-stop
bandwidth is approached with greater than 5 phase shifts and is twice
the pass bandwidth. This is another severe limitation on the use of such
filters. Phase masks with the appropriate quarter-wavelength shifts [6]
were used to replicate a three-phase-shift grating. With careful UV illumi-
nation, the band pass was fully resolved and showed excellent agreement
with theory [13]. The band-pass/stop widths were 0.88 nm/2.77 nm with
a peak rejection of 13 dB. The optimized grating length were L, = L, =
0.22 mm and L, = Ly = 0.502 mm, with a refractive index modulation
amplitude of 1.5 x 1073,
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While the principle of multiple phase shift within a single grating is
useful, it has the additional effect of increasing the side-lobe structure
despite apedization. The side lobes increase as a result of the formation
of a super structure (see Chapter 3) and is discussed in the next section.
Other methods need to be used to position the band pass and for a broader-
bandwidth band pass and more controllable bandwidth of the band stop.

A simple technique to accurately create a band pass at a particular
wavelength is to introduce a phase step within a chirped grating. A start
and a stop Bragg wavelength characterize a chirped grating. In a linearly
chirped grating, the position of the local Bragg wavelength is uniquely
known. Placing a #/2 phase step at that point results in a band pass at
the local Bragg wavelength.

Figure 6.8 shows the transmitted spectrum of two 10-mm-long grat-
ings. Data A and B refer to the same spectrum, with B displayed on a 30
times expanded wavelength scale. A shows the effect of a single quarter-
wavelength phase step in the center, while C shows the step at one-third
the distance from the long-wavelength end of the grating. The effect of
the stitch is localized in the reflected spectrum, and several more band-
pass structures may be placed within this grating. For example, a band-
pass every 2 nm is easily achieved. However, the effects of the super
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Figure 6.8: The transmission spectrum of a grating with a single #/2 phase
step in the center of a chirped bandwidth of 20 nm (A). An <30 expanded view
of the band-pass spectrum is also shown (B). Also shown is the effect of placing
the phase step at 2/38L, (C); the band-pass peak shifts to the local Bragg wave-
length. The grating is 10 mm long.
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structure become apparent in that additional peaks appear and the band-
pass spectrum acquires side lobes. A 10-mm-long grating transmisgion
spectrum with 20 phase steps is shown in Fig. 6.9. Note that within the
pass band of the grating there is a small associated dispersion since the
grating is chirped. Since the gratings are used as a band-pass, rather
than in reflection, dispersion is less of an issue, other than at the band
edges. Apodization only helps slightly; it also reduces the bandwidth and
the extinction at the edges of the grating, so that it is of limited value.
Blanking-off part of a chirped grating during fabrication instead of
introducing phase steps is an effective way of creating a band-pass filter
[14]. The net result is that part of the chirped grating is not replicated,
thus opening a band gap. This principle is effective for a narrow-band-
width band pass (1 nm) so long as «L. < 7. With a stronger reflectivity
grating, the bandwidth of the band stop increases to encroach on the
band pass from both sides, reducing the pass-band width. An alternative
technique uses UV postprocessing first reported for UV trimming of the
refractive index of photosensitive waveguides [53], to erase part of the
chirped grating written in a fiber [15]. In order to fabricate a single band
pass within a breoad stop band (>50 nm), several chirped gratings may
be concatenated along side a chirped grating with the band gap. With
care and choice of chirped gratings, single and multiple band-pass filters

Transmission, dB
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Figure 6.9: A 20 X #/2 phase-step grating band-pass filter. Each band pass
has an extinction of >>30 dB, but with some side-lobe structure at —15 dB. Ghosts
appear between the main pass bands as a result of the super structure of phase
steps at —30 dB transmission.
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have been successfully demonstrated, with a pass/stop-bandwidth of 0.17
nm/11.3 nm and extinction of ~10 dB. A four-channel filter evenly spaced
over a stop bandwidth of 50 nm has also been reported [15]. Insertion
loss of these types of chirped filters is a problem, since radiation loss on
the blue-wavelength side affects the maximum transmission of the pass
band. As a consequence of large xL and radiation loss, a maximum trans-
mission of ~75% was reported for these band-pass filters.

Broader pass-bandwidth filters may be fabricated by the use of
concatenated chirped gratings {16]. The effects of “in-filling” due to the
use of large «L values are diminished by increasing the band-pass
width. The arrangement for such a filter allows better extinction in
the stop band (>30 dB) while permitting the placement of the band-
pass at the required wavelength. Additionally, chirped gratings show
reasonably smooth stop band edges. Concatenating two such gratings
with a nonoverlapping band stop results in a band pass between the
two band-stop regions. While this scheme has been applied to chirped
gratings, Mizrahi et al. [17] have shown that two concatenated highly
reflective gratings with a pass band in between the Bragg wavelengths
can be used as a band-pass filter. Radiation loss within the pass band
are avoided by using a strongly guiding fiber, which further blue-shifts
the radiation loss spectrum from the long-wavelength stop band. The
bandwidth of the pass band was ~1.6 nm with an extinction in excess
of 50 dB and a stop band of ~6 nm.

6.1.2 Superstructure band-pass filter

It has been shown that placing more than a single A/4 phase step within
the grating results in as many band-pass peaks appearing within the band
stop [12]. This principle may be extended to produce the superstructure
grating [18,22], but works in reflection. The reflection spectrum has sev-
eral narrow-bandwidth reflection peaks. The principle has been used in
semiconductor lasers to allow step tuning of lasers. However, a badly
stitched phase mask will produce similar results. Since a phase mask is
generally manufactured by stitching small grating fields together, errors
arise if the fields are not positioned correctly. These random “phase errors”
are like multiple phase shifts within the grating, resulting in multiple
reflection peaks, each with bandwidth inversely proportional to the overall
length of the grating, and spaced at wavelength intervals inversely pro-
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portional to the length of the field size (see Chapter 3). Figure 6.10
shows the super structure on a 30-mm-long grating reproduced from a
phase mask with stitching errors. Despite these errors, the grating reflec-
tion and phase response for the main peak are very close to being theoreti-
cally perfect [19]. The theory of superstructure gratings is discussed in
Chapter 3.

For filter applications, it is necessary to achieve the appropriate char-
acteristics. Here we consider the spectra of short superstructure gratings,
which may be conveniently fabricated with an appropriate phase mask.
Figure 6.11 shows the reflection and transmission characteristics of a
superstructure grating, comprising 11 X 0.182 mm long gratings, each
separated by 1.5665 mm. The overall envelope of the transmission spectrum
{see Fig. 6.11b) has been shown in Chapter 3 to be governed by the
bandwidth of the subgrating.

Note in Fig. 6.11a that the bandwidth of the adjacent peaks becomes
smaller. Thig ig a funection of the reflectivity at the edges of the grating.
In order to use this filter as a band-pass filter, it is necessary to invert
its reflection spectrum. This may be done by using a fiber coupler. How-
ever, the input signal is split inte two at the coupler. One half is reflected
from the grating and suffers another 3-dB loss penalty in traversing the

Reflection Spectrum of 30mm Long Grating With Stitching Errors
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Figure 6.10: Reflection spectrum of superstructure grating. The disadvan-
tage of the superstructure grating — the reflection coefficient cannot be made the
same for each reflection [29]. This limitation can be overcome by using a different
type of moiré grating [20], which has been discussed in Chapter 3.
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Figure 6.11: (a) The reflectivity spectrum of a superstructure grating with
9 X 222 micron grating sections separated by 1-mm gaps. Refractive index modula-
tion amplitude is 1077, (b) The transmission spectrum of the grating shown in
{a). Also shown is the transmission spectrum of a single section of the grating of
0.181 microns long. The envelope has been normalized to fit the superstructure
spectra.

coupler once again. The reflected spectrum is therefore —6 dB relative to
the input signal, A fiber circulator overcomes this loss penalty [21]. The
insertion loss of a circulator is approximately 1 dB, so that an efficient
multiple band-pass filter can be fabricated.

In an interesting demonstration, a chirped superstructure grating
has been used for multiple-channel dispersion compensation, since the
repeat band stops have a near-identical chirp [22]. The advantage of such
a scheme is that it requires only a single temperature-stabilized grating
to equalize several channels simultaneously, although the reflection coeffi-
cient varies for each reflection.



242 Chapter 6 Fiber Grating Band-pass Filters

6.2 The Fabry-Perot and moiré band-pass
filters

The fiber DFB grating is the simplest type of Fabry—Perot (FP) filter.
Increasing the gap between the two grating sections enables multiple
band-pass peaks to appear within the stop band. The bandwidth and the
reflectivity of the gratings determine the free-spectral range and the
finesse of the FP filter. The grating FP filter has been theoretically ana-
lyzed by Legoubin et al. [23]. Equations (6.1.4) and (6.1.5) describe the
transfer characteristics of the filter and have been used in the simulation
of the gratings in this section.

Figure 6.12 shows the structure of a Fabry—Perot filter. These filters
work in the same way as bulk FP interferometers, except that the gratings
are narrow-band and are distributed reflectors. A broader bandwidth
achieved with chirped gratings creates several band-pass peaks within
the stop band. Control of the grating length L and the separation & allows
easy alteration of the stop-band and the free-spectral range.

At zero detuning, the peak reflectivity of a FP filter with identical
Bragg gratings is

_ 4R

where R is the peak reflectivity of each grating. Since the gratings are
not point reflectors, the free-spectral range (FSR) is a function of the
effective length of the grating, which in turn is dependent on the detuning.
For a bulk FP interferometer, e.g., a fiber with mirrors, the FSR is [23]

1
2dn; V)’

The distance between the mirrors is d, and the effective index of the mode

FSR = (6.2.2)

Grating length =1./2  Grating length L/2
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Figure 6.12: AschematicofaFabry-Perot etalon filter. In the simple configu-
ration, the gratings are identical, although in a more complicated band-pass filter,
a dissimilar chirped grating may be used.
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n.yis a function of wavelength. For an equivalent fiber-grating-based FP
interferometer, the thickness d becomes a function of wavelength, and
only at the peak reflectance is the FSR largest. The effective thickness
is the separation between the inner edges of the gratings plus twice the
effective length of the gratings. Off resonance, the penetration into the
grating is greater than on-resonance, leading to a bigger thickness. There-
fore, at the edges of the FP bandwidth, the FSR becomes smaller.

The first in-fiber grating FP filter was reported by Huber [24]. A
transmission bandwidth of 29 pm was reported. Further multi-band-pass
in-fiber FP resonators have also been demonstrated [25]. In the latter
report, a 100-mm-long FP interferometer was fabricated with two 95.5%
reflecting gratings. A finesse of 67 was achieved with the free spectral
range of 1 GHz and a pass bandwidth of 15 MHz. In order to measure
the transmission spectrum of the FP, a piezoelectric stretcher was used
to scan the fiber etalon in conjunction with a fixed frequency DFB laser
source operating within the bandwidth of the grating band stop, at a
wavelength of 1299 nm. A peak transmission of ~86% of the fringe maxi-
mum was also noted. Figure 6,13 shows the transmission characteristics
of a FP filter made with two gratings, each 0.5 mm long with a 5 mm
separation and a refractive index modulation of 2 X 10™%, The weak ripple
within the band-stop of the filter is due to the poor finesse of the FP but
is ideal in WDM transmission to control solitons. The shortest gratings
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Figure 6.13: A FP filter with a 5-mm gap. Grating lengths are 0.5 mm with

index modulation of 2 X 10 % The arrows show where WDM channels may be
placed within the band-pass filter for soliton guiding.
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in a FP filter reported to date are 0.3 mm long, separated by a similar
distance [26]. The resulting multiple band pass, which was a shallow
ripple of ~50% transmission was used as a guiding filter in wavelength
division multiplexed soliton transmission experiments to suppress Gor-
don-Haus jitter [27].

With stronger gratings, multiple band-pass filters with deeper band
stops are easily possible. However, even slight loss in the grating (absorp-
tion due to OH™ ions) can degrade the transmission peaks substantially.
It is therefore advantageous to use deuterated fiber for this type of a
filter. Figure 6.14 demonstrates a 4-mm-long grating with a gap of 5 mm
in the center. This filter shows ~30-dB extinction in the center of the
band pass.

Note that all these filters have a similar narrow band-pass response
that plagues the highly reflecting DFB grating filter. Thus, applications
for such a grating are likely to be in areas in which either high extinction
or high finesse, or low extinction and large bandwidth are required. Figure
6.15 shows the measured transmission of a 0.6-mm-long FP filter with a
2.5-mm gap. The pass bands have been measured with a resolution of 0.1
nm and are therefore not fully resolved. The structure should be deeper
and much narrower. Nevertheless, the dips in transfer characteristics
match the theoretical simulation extremely well with the parameters
shown. Typically, the best results for band-pass peaks for this type of FP
filter, using either chirped or unchirped gratings with an extinction of 30
dB, is ~70%.

1551.0 1551.5 1552.0 1552.5 1553.0
0 Vs : —r
-5+

10 T

15 +

-20 1

-25 +

-30

Transmission, dB

Wavelength, nm

Figure 6.14: A 4-mm-long grating FP filter with a 5-mm gap and a An of 5
X 1074,
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Figure 6.15: Measured transmission characteristics of a fiber FP filter. The
length of each grating was 0.3 mm, a 2.5 mm gap and with a peak-to-peak refractive
index modulation of 5 X 1073, A theoretical fit to the data shows excellent
agreement, although the peak transmission has not been fully resolved in the
measurement [29]. A maximum extinction of >30 dB was measured.

Wide-bandwidth (140-nm) fiber grating Fabry—Perot filters fabricated
in boron-germanium codoped fibers have been demonstrated with a fi-
nesse of between 3 and 7 [28]. Two identically chirped, 4-mm-long gratings
with a bandwidth of ~150 nm and reflectivity of >50% were written in
the fiber, displaced from each other by 8 mm. The resulting FP interference
had a bandwidth of 0.03 nm and a free-spectral range of 0.09 nm. A larger
free-spectral range was obtained by overlapping the gratings with a linear
displacement of 0.5 mm. These gratings had a bandwidth of 175 nm in
the 1450-1650 nm wavelength window. A finesse of 1.6 with an FSR of
1.5 nm was demonstrated. These fiber-grating FP-like devices may find
applications in fiber laser and WDM transmission systems.

A further possibility of opening up a gap within the stop band is to
write two gratings of slightly different Bragg wavelengths at the same
location in the fiber [30] to form a moiré fringe pattern. The physical
reason why a band pass results may be understood by noticing that the
phase responses of the gratings are not identical. Thus, at some wave-
length, the phases can be out by 7 radians. If the wavelength difference
is made larger, it is possible to create more than one band pass. The
mechanics of producing such a band pass have been demonstrated by



246 Chapter 6 Fiber Grating Band-pass Filters

slightly altering the angle of the incoming beams in between the writing
of the two gratings [30]. Unless the angle can be measured accurately, it
may be difficult to reproduce the results with precision. Two gratings can
be superimposed in a fiber by writing one grating with a chirped phase
mask [31] and then stretching the fiber before writing the second [32,33].
The basic principle of moiré grating formation is discussed in Chapter 5.
However, for clarity, we consider the interference due to two UV intensity
patterns to produce a grating with the refractive index profile

An(z) = An{2 +2 cos(zf)cos(-zf)], (6.2.3)

in which the slowly varying envelope with period A, is a result of the
difference between the two grating periods, and the chirped grating period
is A,. If the envelope has a single cosine cycle over the grating length
(the grating periods have been chosen to be such; see Chapter 5), then
the effect of the zero crossing of the envelope is equivalent to a phase
step of /2 at the Bragg wavelength (see Chapter 5, Section 5.2.7). This
grating is simple to simulate using the matrix method; the apodization
profile of the grating can be specified to have n cycles of a cosine function,
where n = 1 is a single cycle of a cosine envelope (see Fig. 5.18). The
compirted transmission spectrum of this type of a band-pass filter is shown
in Fig. 6.16. The experimentally achieved result is almost identical to
that shown in Fig. 6.16 [33], apart from the short-wavelength radiation
loss apparent just outside the band-stop spectrum in the measured regult.
The problem with this type of phage-shifted grating has already been
discussed: There remains a trade-off between bandwidth and extinction,
although it is a convenient method of producing a multiple-band-pass
filter by increasing the number of cycles of the modulation envelope.

6.3 The Michelson interferometer band-
pass filter

The Michelson interferometer (MI) may be used as a fixed-wavelength
band-pass filter. Since the coupler shown in Fig. 6.17 splits the input
power equally into the two ports, the light that is reflected from a single
100% reflection grating (HR1) is again equally split between ports 1 and
2. Thus, only 25% of the light is available in the pass band at port 2.
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Figure 6.16: Transmission spectrum of a moiré grating with a single period
cosine envelope of the modulation refractive index profile over the length of the

grating. This grating is formed by colocating two chirped gratings with slightly
different center wavelengths.

HR1 A POIE 3:

Port 1: INPUT ' 50:50 RHHHI 50% Tx
i >_< Port 4:
50% Tx

Port 2: OUTPUT 25% at A,

Figure 6.17: Afiber coupler with a single grating in one arm. The output in
port 2 is 25% of the input power in port 1. The transmitted signal at the Bragg
wavelength at port 3 is (1 — R), where R is the grating reflectivity.

This arrangement works as an effective band-pass filter despite the loss.
However, there are methods that be used to eliminate the insertion loss
of this filter.

With two identical gratings, one in each arm of the MI, 100% of the
reflected light can be routed to port 2. The principle of operation was
originally proposed by Hill et al. [34], for a grating in a loop mirror
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configuration. A similar device is shown in Fig. 6.18. The light reflected
from HR2 arrives at the input port 7 out of phase with respect to light
from HR1. Light from HR1 and HR2 arrives in phase at the output port
2, so that 100% of the light at the Bragg wavelength appears at this port.
The through light is equally split at ports 3 and 4, incurring a 3-dB loss.
However, the phase difference between the reflected wavelengths arriving
at the coupler has to be correct for all the light to be routed to port 2.

The first demonstration of such a device in optical fibers was reported
by Morey {35). This all-fiber band-pass filter was made out of a standard
fiber coupler with fiber gratings written into the two arms. Stretching
the gratings showed limited tunability, but no data was available on
stability of the filter. Since differential changes in the ambient tempera-
ture between the arms can detune the filter, it is essential that the two
arms remain in close proximity and that the optical paths to and from
the gratings be minimized.

The fiber Michelson interferometer has been used extensively for
sensing applications with broadband mirrors deposited on the ends of the
fiber [36]. The principle of operation of the grating-based filter is a simple
modification of the equations that describe the broadband mirror device.
We begin with the transfer matrix of the fiber coupler [37],

R| [ cos(ul,)  —isin(«L,) || A4;
[S] B |:_'l SID(KLC) COS(KLC) ][Bz:l’ (6.3.1a)

where R and S are the output field amplitudes at ports 3 and 4, A, and
B; are the field amplitudes at ports 1 and 2 of the coupler, L, is the
coupling length of the coupler, and « is the coupling constant, which

A R, R HR1jp,,, ggg/t%
Port 1: 50:50 R — V7 X
INPUT .
ort 4:
Port HHH— 50, 14
ort < / S. S HR2
OUTPUT Ay, brags

Figure 6.18: The Michelson interferometer band-pass filter. All the input
light is equally split at the coupler into the output ports. The identical gratings
in each arm reflect light at the Bragg wavelength, while allowing the rest of the
radiation through.
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depends on the overlap of the electric fields E; and E, of the coupiled
modes,

wE +oe et
"= _Ez Lx. J_m (nZxy) — nZEY - By dxdy,  (6.3.1b)

where n., {x, ¥) is the transverse refractive index profile of the waveguides,
n, is the cladding index and, P, is the total power.

For a small difference in the propagation constants, A8 is small com-
pared to the coupling coefficient, x. Under these conditions, very nearly
all the power can be transferred across from one fiber to the other [38].
With A8 ~ 0 and (n,, — n.)¥n, < 1, the following expression for the
coupling coefficient can be use [39]:

_ A u® Kjwhia)]
x 2m, a’v?  Kiw)

¢ is the core radius, and the normaljzed waveguide parameters u, v, and
w are defined in Chapter 4, % is the distance between the core centers,
and the modified Bessel functions of order 0 and 1, K, and K, are due
to the evanescent fields of the modes in the cladding.

Agsuming that there is only a gingle field at the input port 1 of the
coupler, B; = 0. Introducing gratings in ports 3 and 4 with amplitude
reflectivities and phases, p, expli®{A)] and p; expli@o(A)] deseribed by
Eq. (4.3.11), the normalized field amplitudes at the input to the coupler
in ports 3 and 4 are

(6.3.1¢)

2 L
Ry = 45 _ oy py cos(«Lexp| 2i Mheff s + ¢1('U)
A, A )
(6.3.2)
2 L
Sy = % = —igupy sin(KLc)exp[Zi( m;ﬁc f2 + @;A))],

in which the path lengths from the coupler to the gratings are L, and
L. The additional factors oy and o, include detrimental effects due to
polarization and loss in arms 3 and 4. The output fields, R, and S,, at
ports 1 and 2 of the interferometer can be written down by applying Eq.
(6.3.1a) again, with the input fields from Eq. (6.3.2). Therefore,

R,| | cos(«L,)  —isin(«L,)|| Ry
[Sz] B [—i sin(xL,)  cos(xL,) ][34]- {6.3.3)

In Eq. (6.3.3) the normalized field amplitudes R, and S, fully describe
the transmission transfer function of the Michelson interferometer band-
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pass filter. Substituting Eq. (6.3.2) into Eq. (6.3.3), and remembering that
Re(R, S) = 1/2(R, S + R*, §%), the transmitted power in each output port
of the filter is the product of the complex field with their conjugate. By
simple expansion and algebraic manipulation of the equations, the power
transmittance at ports 1 and 2 can be shown to be

1= %[2"%0% cos*(«L,) + 205p3 sin*(kL,) — o100, po SIN*(24L, )cos 8] (6.3.4)

t, = i[cr%p% + 03p3 + 20,01 py c08 SlSin*(24L,), (6.3.5)

where the phase difference ébetween the reflections from the two gratings
is

2""m'e ¢2(/\) - ¢ (/\)
5= 2[—/\’-‘1“ Ly ~ Lp) + ———2—‘——] (6.3.6)

Equations (6.3.4) and (6.3.5) describe how the transmitted power at
the output depends on the path-length difference, the reflectivities, and
the Bragg wavelengths of the two gratings in the arms of the Michelson

interferometer filter. For a 50:50 coupler, «L,. = #/4; ignoring loss and
polarization effects, Egs. (6.3.5) simplify to

111

t]_ — § [§ (p% + pg) — p1p2 cos 6] (637)
111 2 2

to = 5 §(p1 + p3) + prpg cos 5. (6.3.8)

Note that the power transfers is cyclic between the two ports, de-
pending on the phase difference 5 and which is of paramount importance
for the proper operation of the filter. This cyclic behavior is well known for
unbalanced broad band interferometers, but in this device it is restricted to
the bandwidth of the gratings. The choice of the gratings determines the
wavelength at which the interference will occur. With the phase difference
& = 2N (where N = 0 is an integer), all the power is routed to port
1. This phase can to be adjusted mechanically [40], thermally [41], or
permanently by optical “trimming” of the path using UV radiation [53].

Detuning of the interferometer is an important issue for the accept-
able performance of the band-pass filter. As such, there are two parame-
ters, which are variables in a filter of this type. Assuming that the
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bandwidths of the two gratings are identical (nominally identical lengths
and refractive index modulation amplitudes), the path difference may
drift within the lifetime of the device, or the Bragg wavelengths may not
be identical, or may change with time.

Figure 6.19 shows how the band-pass at port 2 varies with changes
in the path length for two identical 99.8% reflectivity gratings. At zero
phase difference, the transmission is a maximum. The rapid decrease in
the band-pass peak with detuning of less than half a wavelength shows
that phase stability is critical for the long-term operation of this device.
As expected, the transmission drops to zero with a phase difference of #/2.
In most practical cases, it is nearly impossible to match gratings in the
two arms exactly, both in reflectivity (and therefore bandwidth) and the
Bragg wavelength. The mismatches set a limit to the performance of a
band-pass filter.

Figure 6.20 shows the reflectivity spectra of two raised cosine apod-
ized MI gratings, which are offset in their Bragg wavelength by 1% of
the FW bandwidth. For the gratings shown, this translates to 0.01 nm
difference in the Bragg wavelengths and may well be at the limit of the
technology for routine inseription and annealing of the gratings.
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Figure 6.19: The band-pass characteristics of a Michelson interferometer
filter showing how the band-pass peak varies with differential path-length differ-
ence between the two gratings as a function of normalized detuning. For the
calculations, the grating parameters used are: refractive index modulation index
amplitude of 1 X 10° and a length of 2 mm [42]). The numbers on the chart refer
to the detunings as a fraction of the Bragg wavelength. The figure shows just
how critically the path difference needs to be controlled for efficient operation.
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Figure 6.20: Reflection spectra of two 4-mm-long raised cosine apodized grat-
ings mismatched by 0.01 nm (A, B), each with a reflectivity of ~85%. C is the
transmission of the band-pass filter with a path-length difference of 0.006 X Ay,
D shows the light that appears in port 1 of the Michelson. To achieve better than
—30 dB extinction (for D), the Bragg wavelengths must be matched to within 0.01
nm. E shows the rejected light in port 1 for cosine apodized gratings with the
same Bragg wavelength mismatch. The in-band rejection is never better than —-
28 dB. With stronger gratings, the Bragg wavelengths have to be even better
matched.

The pass band of the filter generally does not suffer from such a small
wavelength detuning. Since the reflectivity ensures that only the reflected
signal appears in the pass-band with typical insertion losses of between
1 and 0.3 dB [43], it is the remnant signal that appears in the through
port (in the Michelson, it is port 1) that is difficult to suppress.

The detuned Bragg wavelength of the gratings translates into an
additional imbalance in the path difference of approximately 1 mradian.
While UV trimming can balance the paths very accurately, the small
difference in the Bragg wavelengths of the two gratings remains. Despite
this error, a rejection of greater than 30 dB has been reported [43] and
is certainly not an easy achievement, requiring the matching of the Bragg
wavelengths to ~0.01 nm. The theoretical spectra shown in Fig. 6.20 are
in excellent qualitative agreement with the results of low-insertion-loss
band-pass filters fabricated in optical fiber with matched gratings in the
close proximity of a coupler [43]. Chirped gratings can be used in the
Michelson to broaden the pass bandwidth [44].

With further mismatch in the Bragg wavelengths, the rejection in
port 1 deteriorates. One can no longer have a high is¢lation, since there
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is less overlap between the bandwidths of the gratings. The conditions
approach the case of a single grating in the coupler arm, when there is
no overlap of the grating spectrum. Thus, at least 25% of the input power
appears at both ports 1 and 2. While the rejection becomes poor, the band-
pass suffers because the bandwidth decreases as a direct result of the
limited overlap. Figure 6.21 shows the reflection spectra of gratings in a
Michelson that have been detuned by one-quarter of the unapodized FWFZ
bandwidth (to the first zeroes). The refractive index modulation amplitude
is 1 X 1072 and the gratings are 4 mm long. Since the interferometer has
been detuned as a result of the difference in the Bragg wavelengths, at
zero phase difference the band-pass output is not at its maximum (small
crosses). As the path difference is changed to #/2 radians (triangles), a
dip begins to appear in the band pass, and with = phase difference
(squares), “bat-ears” begin to appear, since at the edges of the band pass,
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Figure 6.21: The band-pass characteristics show that with slight detuning
(0.25 X FW bandwidth) between the two Bragg gratings, a slight reduction in
the peak transmissivity occurs (crosses). However, there is an added benefit:
reduction in the energy transmitted in the wings of the gratings, i.e., apodization
occurs. Note that with larger path length difference, “bat-ears” appear on either
side. These normally appear in the rejected port 1 (squares).
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there is little overlap of the reflected spectra. Note that at some Bragg
wavelength detuning, the interference of the reflected light at the coupler
forms moiré fringes, and apodization of the band-pass spectrum begins
to occur. In Fig. 6.21 (crosses), note the reduction of the side lobes as the
dissimilar phases in the overlapped spectrum tend to cancel the formation
of the side lobes.

The filter rejection becomes worse when the detuning is one-half of
the FW bandwidth, as shown in Fig. 6.22. In this case, the zero path
difference is well off the optimum for band-pass operation (triangles),
while squares show the band pass response at # phase difference between
the gratings. Although this spectrum is still not the optimized output, note
the strong apodization in the wings. The nonoverlapped high-reflectivity
(~100%) region (within the bandwidth of each grating) averages to approx-
imately 25% of the input power, as in the case of the single-grating Michel-
son device.
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Figure 6.22: Two gratings detuned by approximately 0.5 X bandwidth of the
grating. The band-pass characteristics are sensitive to the path-length difference
between the Bragg reflection peaks due to differential phase response of the
gratings. With detuning, the optimum band-pass shifts from the normal zero
phase difference for matched Bragg wavelength case and develops additional
structure, although apoedization occurs, reducing the reflection in the wings,
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6.3.1 The asymmetric Michelson multiple-band-pass
filter

Figure 6.19 showed how output power in port 1 varies with path difference
8. The reflected power within the entire grating spectrum is exchanged
between port 1 and 2 so long as the detuning

8 <€ —— (6.3.9)

where AA, is the FWFZ bandwidth of the grating. With larger path differ-
ences, nopAL; = ny{Ly — Lp), the phase variation 6 as a function of
wavelength, according to Eq. (6.3.4), becomes substantial across the band-
width of the grating. Thus, the single uniform band pass of the filter
begins to split into a sinusoidal wavelength with wavelength, restricted
to the bandwidth of the grating [42]. Figure 6.23 shows the reflection
spectrum of an apodized grating MI and the band-pass output of the filter
with a path difference of 0.667 mm. Within the reflection spectrum of the
grating, the band pass has three peaks. Each peak automatically has the
maximum transmission possible for the band pass, i.e, determined by the
reflectivities from the gratings.

With the detuning shown in Fig. 6.24, nine peaks appear within the
same bandwidth of approximately +0.0005 detuning. Being a nonreso-
nant device, the output is simply equivalent to the interference between
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Figure 6.23: The reflectivity and band-pass spectrum of the asymmetric Mi-
chelson interferometer. The one-way path imbalance is 0.667 mm and the apodized
gratings are 4 mm long with a An_q of 1 X 1072 (42].
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Figure 6.24: The apodized reflection {(dashed line) and band pass (continuous
line) of the asymmetric Michelson interferometer, with a path difference of 2.67
mm. The output is sinusoidal as in the case of a low-finesse FP interferometer.

two beam as a function of phase difference, hence the sinusoidal variation,
also the case with the low-finesse FP interferometer. The wavelength
difference A between the peaks of the band pass is

Az

BA = .3.
A Sy AL, + AGA) (6.3.10)

where A¢(A) is the differential phase of the two gratings, which becomes
important when the gratings are dissimilar, for example, chirped. Using
Eq. (6.3.10) one can calculate the exact number of pass bands within the
bandwidth of the gratings. Note that with Bragg-wavelength detuned
gratings, the resultant bandwidth for the pass bands is the difference
between the individual bandwidths of the gratings. The measured re-
sponse of such a filter is shown in Fig. 6.25. The extinction is 28 dB.

There are three possible combinations for arranging chirped gratings
in the Michelson interferometer: both gratings with the same sign of the
chirp, either both positive or both negative, or with opposite chirp. In Fig.
6.26, the first two arrangements are shown (A and B). The difference
between A and B is that the dispersion of the gratings has been reversed,
and that a pair of such filters may be used to compensate for most of the
dispersion in each filter.

The transmission band pass of the identical-sign, linearly chirped
grating Michelson interferometer with AL, = 1.724 mm is shown in Fig.
6.27. The gratings are 5 mm long with a chirped bandwidth of 10 nm.
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Figure 6.25: The reflection spectrum of each grating (1 and 2) measured in
situ by bending the fiber in the other port to induce loss: hence the ~25% reflection.
The normalized band-pass filter spectrum (BP) as a result of a path difference
AL, of ~1.33 mm (42].
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Figure 6.26: Chirped gratings in configurations A and B, each with a path
imbalance of AL, but with reversed sign of the chirp.

The unapodized gratings have a An,,q of 1 X 1072, The pass bandwidths
of the channels are all identical and equal to the width of the channel
spacing. The repeated pass bands can be adjusted by altering the path
imbalance; in a demonstration, the paths were adjusted by stretching one
arm of the interferometer to fit a grid of 1.1 or 2.2 nm using two 15-nm-
bandwidth chirped gratings [45].
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Figure 6.27: Band-pass and reflection spectra with two identically chirped
gratings (L, = 5 mm, chirp = 10 nm, and AL, = 1.724 mm).

When the sign of the chirp of one of the gratings is reversed, the
band-pass transmission characteristics change from regular repeated pass
bands to a variable pass band. The path difference between the two grat-
ings is reduced to zero at some wavelength. A gap opens at this point and
the transmission is no longer uniform as in the previous cases. Ignoring
dispersion, the phase difference between the light reflected from these
two weakly reflecting, chirped gratings with a chirp of A\, nm relative
to the wavelength Ay in the center of the grating, is

&A) _ 41meELg (/\0 - /‘) _ 47mefng (). - ’l(]) + 4meﬁ'A.Lf (6311)

A AA, A A\, A
_4myL, [2(}t0 - A) . A_Lf]
A A, LI

where L, is the length of the grating. It is apparent from Eq. (6.3.11) that
the detuning § = 0 when

A=Ay — M[ (6.3.12)
2Lg

If AL, = 0, 6 = 0 at the wavelength A = A,. For a fixed chirp bandwidth,

the detuning can be reduced to zero at any wavelength within the band-
width of the grating by tuning AL.. In Eq. (6.3.11) we have assumed that
the lengths of the two gratings are identical. This need not be the case;
it is enough that the bandwidth are identical, so that we have the extra
parameter that can be adjusted. This also applies to the previous cases
in which the sign of the chirp for both gratings was identical. The pass-



6.3 The Michelson interferometer band-pass filter 259

band period is now chirped, since the variation in the detuning is no
longer constant close to the phase-matching wavelength.

Figures 6.28 and 6.29 demonstrate the effect of the counter-chirp of
the gratings for the more general case of dissimilar length gratings. At
the top of Fig. 6.28 is shown a schematic of the third combination for the
chirped gratings (C) and the relative positions, orientations and lengths
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Figure 6.28: Above the chart is shown the arrangement of the gratings (C)
used in this simulation of the asymmetrically placed grating Michelson interferom-
eter BP with identical chirp bandwidth but dissimilar lengths (5 and 10 mm).
Notice the chirp in the period of the pass bands. The reflectivity of one of the
gratings is also shown.
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Figure 6.29: The band-pass response with a 3.448-mm path difference.
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of the gratings. The first case is for 10- and 5-mm-long gratings, each
with a chirped bandwidth of 10 nm and with a detuning of 0.344 mm
(Fig. 6.28). The gap opens up close to one long-wavelength end of the
grating, while with a larger AL, of 3.44 mm in the second case, the gap
shifts to the short wavelength end (Fig. 6.29). In either case, moving
away from the phase-matching point [Eq, (6.3.12], the oscillations in the
transmission spectrum become more rapid.

There are important issues relating to the asymmetric grating Michel-
son interferometer band-pass filter. First of all, any interferometer is
sensitive to differentiol temperature and strain. The agymmetric interfer-
ometer is especially so; however, with fiber leads to the gratings kept in
close proximity, the only region, which needs stabilization, is the differen-
tial path. For sensing applications, the broad bandwidth of the chirped
grating is a distinct advantage. Stabilization of the paths may be done
in a number of ways, for example by the application of a special polymer
coating [46,47], or use of a substrate to compensate for the thermal expan-
sion [48]. The filter has very high extinction, but the stability is polariza-
tion sensitive, and the transfer characteristics are sinusoidal with
wavelength. The period and chirp are easily designed into the filter. Appli-
cations may be found in signal processing, sensors, multiplexing, and
gpectral slicing within a well-defined bandwidth. Ideally, it would be
suited to fabrication in fused fibers, close to the coupler, or in planar form.

6.4 The Mach-Zehnder interferometer
band-pass filter

The dual-grating Mach-Zehnder interferometer band-pass filter (GMZI-
BPF) overcomes the severe limitation of the Michelson interferometer
filter — the loss of 50% of the through transmitted light — by recombin-
ing the output at a coupler, as shown in Fig. 6.30. The scheme was proposed
by Johnson et al. [49], and using etched gratings in a semiconductor
waveguide Mach-Zehnder interferometer, Ragdale et al. [60] were able to
show a device operation. A major drawback of a device fabricated in this
way is the high intrinsic losses due to scatter, absorption, and input/
output coupling, although large bandwidths are possible due to the use
of short gratings resulting from the large modulation index of the grating
(air and semiconductor). Additionally, once the device has been fabricated,
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Figure 6.30: The Mach-Zehnder interferometer used as a band-pass filter.
UV trimming of the paths has been shown to be a powerful tool for rebalancing
the paths such that 100% of the light reflected from the gratings appears at the
output port on the left [53,43]. By adjusting the phase difference at the coupler
beyond the gratings, the output may be directed to either output port of the
coupler.

phase adjustment between the guides to balance the interferometer is
difficult without active control.

The first demonstration of a working band-pass device using the
principle of the Mach-Zehnder interferometer (MZI) with two identical
UV written gratings was in planar-Ge:silica waveguide form [53]. The
device was an MZI with overclad ridge waveguides, which had been photo-
sensitized using hot-hydrogen treatment [51]. “UV trimming” was used to
balance the interferometer after the gratings were written, demonstrating
this powerful technique also for the first time [53]. This is shown Fig.
6.30. “UV trimming” relies on photoinduced change in the refractive index
to adjust the optical path-length difference. The 6-dB insertion loss for a
single-grating band-pass filter was overcome and reducer to ~1.34 dB for
the fiber pigtailed device, by UV trimming; much of it comprised coupling
and intrinsic waveguide loss. The fiber gratings had a reflectivity of ~15
dB each and were well matched in wavelength. Approximately 10% of
the light was reflected into the input port. Although the insertion loss of
this MZI-BPF was not as low as later devices, the planar MZI has the
advantage of being extremely stable to environmental effects. Since the
demonstration, several groups used this scheme of UV trimming in fiber-
based MZIs to demonstrate band-pass filters with better extinction and
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insertion loss [43,52]. For proper operation, the output coupler needs to
be balanced, requiring trimming on the RHSs of the gratings.

Indeed, it is simple to observe that the device can be used as an add
multiplexer at the dropped wavelength if the same wavelength is locally
injected at the port marked “Insert” (RHS, bottom). This wavelength
will be routed through to the Add port performing the basic Add-Drop
multiplexer function. Many of these MZIs may be cascaded to perform a
multiple-wavelength band-pass function.

Cullen et al. [52] demonstrated a compact GMZI-BPF in fiber form.
The device, based on two 50:50 splitting fused fiber couplers fabricated
in boron-germania codoped fibers (Core—cladding index difference An =
7 X 1073 and core diameter of 7 um), with 1-meter tails. The two pieces
of fiber were first tapered and fused to a constant diameter of 100 gm
over a length of 20 mm. A 3-dB coupler was formed by further tapering
one end of the fused region, until the desired splitting ratio of 50% was
achieved. When the second coupler is made, if the path lengths in the
two arms are identical, 100% of the light will appear in the crossed state,
i.e., in port 4 when port 1 is excited. Allowing for fabrication loss and
slight imbalance, between 95 and 99% of the light was available at port
4 after the second coupler was fabricated under the same conditions. The
finished device had ~5 mm of space in the parallel fiber section between
the couplers for the inscription of the gratings and for UV trimming. The
advantage of such a structure is the relative stability of the MZI, since
the couplers and the fused fiber regions are so close together. Any ambient
temperature fluctuations affect both fibers equally. This was established
by a measured change in the output power of the MZI of <0.05 dB over
a temperature excursion of —20 to +60°C, with a wavelength window of
40 nm. It is necessary to mount the fibers on a mechanical support in
order to proceed with grating inscription. A silica microscope slide is ideal
for this application, since it enables the device to be supported, handled,
aligned in the interferometer. For this device, gratings of 3-mm length
were written in both arms under identical conditions using an intracavity
CW frequency-doubled argon ion laser. The grating reflectivity can be
monitored accurately by the size of the dip from the transmitted level at
a few nanometers on the long-wavelength side of the Bragg wavelength
(to avoid the radiation loss region on the blue side, as well as the side
lobes on the red side of the grating spectrum). Once the two gratings
are written using identical conditions, the device can be balanced by
examining the reflection in port 1. Ideally, either a coupler or a circulator
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may be used te monitor the reflection while optical trimming is under-
taken in the region closest to port 1, to minimize the reflection at the
Bragg wavelength [53). Lastly, the output ports need to be balanced by
trimming on the far side of the gratings. The power on the long-wavelength
side of the Bragg wavelength can be steered to either port 3 or 4 as
necessary. In their device Cullen et al. [52] reported an insertion loss of
only 0.5 dB, and 0.35 dB for a standard fiber device. With 99% reflectors,
strong radiation loss was noted on the blue side of the Bragg wavelength.

The long-term stability of the GMZI-BPF depends on the stability of
the substrate and the uniformity of the stress and temperature gradients.
Silica for the substrate is a good choice since it is better matched to the
properties of the fiber. However, the Bragg wavelength in Ge:doped fiber
shifts by ~16 pm/°C. Compensation of the drift can be countered by the
use of packaging with an effective negative thermal expansion coefficient
[54-56,47 48]. Athermalization using a feucrytite glass substrate has
been shown to reduce the temperature sensitivity of fiber Bragg gratings
to ~0.0022 nm/°C, and the drift in the wavelength was measured to be
0.02 nm after thermal cycling 60 times over a temperature excursion from
—40°C to +85°C [56]. The glass is based on a stuffed derivative of the
crystalline phase, S-quartz (LiOg:Al,04:28i0,). Normally, this phase has
a large negative thermal expansion coefficient along the c-axis but forms
a poor glass. Nucleated with TiQ, and adjusting the glass composition to
form S-eucrytite results in a stable glass melt. Heat treatment at above
1200°C forms the glass ceramic with the appropriate crystalline micro-
structure for a negative thermal expansion coefficient.

The principle of athermalization of delay through a fiber using a
tube of oriented liquid-crystalline polymer [54] has also been used to
athermalize gratings. A measured dAp,,  /dT of 0.01 nm/C for the un-
compensated FBG was reduced to 0.13 nm/100°C after compensation,
with no significant hysteresis during the temperature cycling from —40
to +80 °C [47]. Use of such materials as substrates for the GMZI-BP
should result in robust devices.

6.4.1 Optical add-drop multiplexers based on the
GMZI-BPF

Changing the phase in one of the arms of the MZI between the coupler
and the gratings routes the reflected light to either the “drop” or the
“input” port. Any method that can reliably alter the phase can be used
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to switch the OADM. The parameters that can be altered are temperature
[40,41] or strain to alter the phase difference between the arms of the
MZI, or the Bragg wavelength of the gratings. To alter output state, the
phase in one arm can be tuned reliably and requires a 10-mm length of
fiber to be heated by~13°C. With strain, a fiber extension of 1/44g,,,, is
required to switch the QADM,

Temperature tuning of the gratings requires a 65°C change to shift
the fiber Bragg grating wavelength by ~0.8 nm. If the channels are
spaced 1.6 nm apart, then a channel may be dropped by tuning the Bragg
wavelength to match the channel wavelength and deselected by detuning.
Tuning both gratings simultaneously by either strain or temperature
while maintaining interferometric stability is not easy, so, this device
requires careful engineering.

The GMZI-BPF can he used as an optical add-drop multiplexer
(OADM). If the phase in one of the arms can be controlled actively, e.g.,
by a piezoelectric stretcher, then a wavelength may be either switched to
the drop port or reflected back to the source. The insert function is operated
in a similar manner by the use of a second piezoelectric stretcher on the
RHS of one of the gratings in the MZI. The “drop” and “add” ports have
fiber-coupler taps to monitor the state of the output and to control the
piezoelectric stretchers to switch the GMZI-BPF using phase-locked loops
[40). A disadvantage of this scheme is that it always blocks the transmis-
sion of the channel, whether it is dropped or not, and it must be reinserted
for forward transmission.

Mizuochi and Kitayama [57] combined a set of GMZI-BPF's to perform
a two wavelength OADM function, which is shown in Fig. 6.31. The basic
element of the device is a double GMZI-BPF with four identical gratings
in the two MZIs, as well as an additional highly reflecting grating as an
“isolator” between the two MZIs, shown in the top half of Fig. 6.31. The
function of the additional grating is to prevent light at the grating Bragg
wavelength from crossing from one MZI to the other, increasing isolation.
This is particularly important because light inserted into the OADM can
cross from one MZI to the other (from left to right and the reverse) to
cause in-band coherent beat noise [58) (see Section 6.5). Light arriving
from the left in the top half at port Al is dropped at the Bragg
wavelength A, and routed to the second GMZI-BPF in the lower half
of the figure, containing gratings at another wavelength, A;. The dropped
wavelength, A; therefore appears at C1. Similarly, light injected in C2
at the wavelength A; uses the “add” part of the top GMZI-BPF on the
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Figure 6.31: Atwo-wavelengthcascaded GMZI-BPF with increased isolation
between the add and drop ports (from: Mizuochi T. and Kitayama T., “Interferomet-
ric cross talk-free optical add/drop multiplexer using cascaded Mach-Zehnder fiber
gratings,” in Technical Proc. of OFC '97, pp. 176-177, 1997.) [571.

RHS and is routed to B2. All other wavelengths arriving at Al simply go
through the gratings and also appear at B1. Similarly, channels arriving
at B2 are routed to A2, except for the channel at A;, which is dropped at
C1l and reinserted from C2, to be routed to A2, The inclusion of the
“isolating” grating reduces the leakage between Al and B1 from —26 to
—71 dB. The improvement is evident in the add-drop function, by a
reduction in the power penalty of 1 dB due to the elimination of coherent
beat noise. The use of higher reflectivity gratings in the MZIs should
eliminate the need for the “isolator” grating, although short-wavelength
radiation loss will remain a problem.

6.5 The optical circulator based OADM

The optical circulator has become extremely important for applications
with fiber gratings. While the use of a fiber grating with a circulator is
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an obvious method for converting the band stop to a band-pass filter, it
is worthwhile to consider the benefits of such a configuration. The first
reported use was as an ASE filter for an erbium amplifier {59]. The
amplified signal is routed to the input of a circulator and reflected by a
narrow-bandwidth grating in the second port. The grating filters the
amplified spontaneous emigsion from the amplifier and routes the signal
to the output port. The reduction in the out-of-band spontaneous emission
can be considerable, but ig determined by the quality of the reflectivity
spectrum of the grating. Optical circulators have an insertion loss of only
~1 dB, turning this very simple device into a superb band-pass filter.
Several gratings with different Bragg wavelengths may be cascaded to
form a multiple band-pass filter. The addition of a second circulator leads
to a simple method of performing an optical circulator based add-drop
multiplexing (OC-ADM) function using gratings and is shown in Fig. 6.32.
Channels injected at the “input” port are reflected by the gratings in
between the two circulators and routed to the “drop” port. All other wave-
lengths continue to the “output” port. If the signals are injected at the
“insert” port on the RHS of Fig. 6.32, the same gratings perform an insert
function, routing the reflected channels to the “output” port, along with
the rest of the channels from the “input” port. The low polarization sensi-

OPTICAL CIRCULATORS

INPUT Aragg gratings at OUTPUT
Aoy SO A XA

DROP )., INSERT 2,

Figure 6.32: An OC-ADM using an all optical circulator. This device allows
several channels to be dropped or added according to the number of fiber gratings
between the circulators. The signal at the Bragg wavelengths are reflected and
appear at the drop port, while the same gratings may be used to insert the same
channels for wavelength reuse from the insert port.
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tivity and extremely high return loss of the circulators are a distinct
advantage for this type of function, despite their insertion loss of ~1 dB.
Since the circulator-fiber grating band-pass filter is not interferometric,
it is intrinsically stable in its operation, but remains an expensive solution
for some application. However, for amplified long-haul fiber communica-
tion routes with large capacity (e.g., submarine systems), the cost of a
few of circulators is unlikely to be an overriding factor.

The issues that need to be addressed with the OC-ADM are the
channel-dependent insertion loss, intra- and cross-channel crogs-talk, and
the dispersion penalty due to the bandwidth of the gratings. Channel-
dependent loss is primarily due to the “blue-wavelength” radiation loss
exhibited by all fiber Bragg gratings. Thus, reflected light from the
shorter-wavelength gratings may experience loss either in the drop or in
the add function, uniess the gratings are fabricated with care. Figure 6.32
shows a sequence of gratings reflecting at A;, A5 ... A,. The gratings are
arranged so that the first grating reflects at the shortest wavelength
and the last, A,, at the longest. A highly reflective grating transmission
spectrum is shown in Fig. 6.33. The loss on the blue-wavelength side
extends over a wide bandwidth. If each grating has similar transmission
characteristics, spaced, say, 10 nm apart, the blue-wavelength radiation
loss will increase with each additional grating. Light injected from the
short wavelength side {e.g., from the “input” port) is reflected in sequence,
so that the shortest wavelength is reflected first, and then the second
shortest, and so on. Each wavelength A, has to traverse n — 1 gratings
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Figure 6.33: The measured transmission spectrum of a 7-nm full-bandwidth,
highly reflecting chirped grating with the associated “blue”wavelength loss ex-
tending over almost the entire gain bandwidth of an erbium amplifier.
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reflecting at a wavelength shorter than A,. However, since the loss in
traversing the grating is always on the short-wavelength side of the Bragg
wavelength, each wavelength is reflected without incurring radiation loss.

The situation is different if the order of reflection is reversed, as is
the case when the light is injected into the “insert” port. The longest
wavelength is reflected first and so does not incur loss. The next wave-
length (in this example, at ~1550 nm) to be reflected lies on the short-
wavelength side of the reflection shown Fig. 6.32 and so suffers twice the
radiation loss « of approximately 6-8 dB. Again, each wavelength A, has
to traverse n — 1 gratings reflecting at longer wavelengths and suffers a
logs of (n — 1) X a dB. This loss causes severe skew in the wavelength
response of the OADM. Although the radiation loss spectrum shown in
Fig. 6.33 is very high and has a large bandwidth, the insertion loss argu-
ment applies to all such OADM devices. The insertion loss varies across
the bandwidth but is always cumulative in one direction and can be more
important for wavelengths that have not been dropped but lie on the
short-wavelength side of the OADM. There are methods that can be used
to reduce the radiation loss of the gratings, for example, by design of the
fiber [60,61] to suppress radiation mode coupling, or by choosing the
channel spacing such that none lie in the radiation loss region [17].

Intrachannel cross-talk occurs if the added channel is derived from
the same source as the dropped channel and leaks through from the
“insert” to the “drop” port. If a strong signal is added at the OADM, =a
small fraction leaks through to the drop port if the grating reflectivity is
not very high. This small “breakthrough” can be of the same order of
magnitude as the signal, which has been attenuated by the link loss and
dropped at the QADM. If the added and dropped wavelengths are the
same, sighal beat noise oceurs and degrades the bit error rate (BER).
Alternatively, the breakthrough signal can cause simple cross-talk be-
tween adjacent channels that are dropped, in the same way it can be
transmitted to the “add” port. The associated power penalty has been
calculated to be

Peokerent = -10 lOg(l - 4\/;) (651)

for a ratio r of the leaked “add” and the dropped signal powers for coherent
signals. This is much higher than for incoherent signals [62], for which

Pincoherent = -10 log(l - (6.5.2)

Dispersion due to the gratings is an issue, which depends on the
signal and grating bandwidths. Gratings show strong dispersion at the
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edges of the reflection band (see Chapter 4). If the signal fills the grating
or is severely limited by the grating bandwidth, apart from the simple
pulse broadening (narrowed spectrum), additional dispersion from the
band edges of the grating has the potential of causing severe pulse distor-
tion. This area has only recently received attention [63).
Programmability of an OADM is often desirable, and there are several
techniques available to integrate this feature. As has been seen with
the GMZI-BPF, the most easily adjustable parameter is the path length
difference from the coupler to the gratings, since tuning the Bragg wave-
length of both gratings poses a difficult engineering problem. The OC-
ADM is not an interferometric device, so that tuning of the gratings by
stretching/compressing or heating is easily achieved. Quetel et al. [65]
demonstrated this principle with a circulator and four gratings stretch
tuned by piezoelectric (PZT) actuators, with a switching time of 40 us
and a voltage of only 50 V. Okayama et al. [64] proposed the use of a pair
of identical gratings for each add/drop channel with two 4-port optical
circulators for an OC-based tunable add-drop multiplexer (OC-TADM).
Figure 6.34 shows the arrangement of the gratings for a four-channel
OC-TADM. Channels arriving at the input port are reflected by the appro-
priate gratings, Ay, A9, A4 in the top part of the circulator branch, group
1. Gratings 2 and 4 are tunable (by either temperature or strain); however,
all channels are reflected and routed to the second set of gratings, A4, Ay,
Ag, A in the bottom part of the circulator branch, group 2. In this section,
gratings 3 and 1 are tunable. If each grating pair has identical Bragg
wavelengths, all channels are routed to the drop port by reflections from
group 2 gratings. However, since one of the gratings of the matched pair
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Figure 6.34: Dynamic wavelength selective add/drop mux-demux using tun-
able gratings (after Ref. [64]).
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is tunable, it can be detuned, thus directing the channel at that wave-
length to the through port.

Since the device is symmetric, the channel insert function is per-
formed in a similar manner: When injected into the “add” port, the wave-
lengths are routed to the “through” port. Poor peak and high side-lobe
reflectivity cause cross-talk. The use of unapodized (~14 dB side-lobes),
95% peak reflectivity gratings resulted with in poor cross-talk perfor-
mance. With well-apodized, high-reflectivity gratings, low cross-talk per-
formance is possible and the OC-TADM is appropriate for dense-WDM
applications. In principle, piezoelectrie stretchers can be uged to make a
fast OC-TADM, switchable in < 1 us [65].

In a slightly simpler arrangement, Kim ef al. [66] proposed the
use of four identical gratings between two three-port circulators. The
gratings are stretch tuned by piezoelectrie stretchers, so that up to
four channels can be dropped or inserted in any combination, when the
Bragg wavelengths of the gratings are tuned to the channel wavelengths.
Mechanical leverage designed into the grating mounts with the piezoelec-
tric stretcher allows the Bragg wavelength of each grating to be tuned
by 2.4 nm/120 V applied.

6.5.1 Reconfigurable CADM

These devices are based on optical switches and circulators and overcome
some of the limitations of the OC-TADM and the GMZI-BPF. A schematic
of the reconfigurable OADM (ROADM) is shown in Fig. 6.35. Two fiber

2 x 2 optical switches

Optical circulator / J/ \ Optical circulator
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Input HH HiH
A A,
Equalizing filter Equalizing filter
DROP INSERT
PORT PORT

Figure 6.35: The reconfigurable optical add-drop multiplexer (ROADM)
(after Ref. [67]).
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circulators sandwich a set of optical cross-connect switches connected in
series. Fiber gratings at the optical channel wavelengths are connected
between one of the output ports of the cross-connect switches. This way,
the incoming signals may be switched to the grating or bypass it. When
switched to the grating, the channel at the grating wavelength A, is
dropped and routed to the drop port. All other channels proceed to the next
switch, where the choice is repeated for the other channels. If, however, A;
bypasses the first grating, it goes on to the through port. The same applies
to the other channels. At each two-by-two optical cross-point switch, a
channel (or more, depending on the number of gratings between the
switches) may be dropped. The ROADM is extremely flexible, allowing
the node to be programmed relatively fast (<50 us). The insertion loss of
the optical switches is low (0.7 dB), and the device has been demonstrated
as a two-channel ROADM (67], with a total insertion loss of 3 dB. The
equalizing filters shown in Fig. 6.35 are intended to compensate for the
loss of the switches and the gratings so that all channels suffer the same
insertion loss.

A modification of the ROADM shown in Fig. 6.35 results in the simul-
taneous add—drop function, including automatie dispersion compensation
of all channels, using dispersion compensating gratings (DCG) [68]. The
channel dropping gratings are replaced by chirped dispersion compensat-
ing gratings. Uniform unchirped gratings can be used from either direc-
tion, whereas the dispersion of chirped gratings is reversed if it is turned
around. Therefore, the chirped gratings cannot simply replace the un-
chirped gratings in the ROADM. Channels to be dropped are compensated
for dispersion in the ROADM with DCGs. In order to dispersion compen-
sate the “through” channels, the optical circuit has to be altered. The
modified reconfigurable dispersion compensating ADM (RDC-ADM) is
shown Fig. 6.36. The “through” channels are routed via the “through path”
to the output circulator and reinjected into the cross-point switches. Each
“through” channel is routed to the appropriate grating via the switches
and dispersion compensated by reflection, to retrace the path to the circu-
lator, and finally to the output. Channels are also inserted without reflec-
tion; they simply bypass the DCG allocated to their channel, so as to avoid
the additional dispersion. The four-channel RDC-ADM was demonstrated
with a 4 X 10 Gb/sec WDM system and used apodized 100-mm-long
gratings for each channel designed to compensate for the dispersion of 8
km of standard fiber {1312 psec/nm). An important feature of the configu-
ration was the arrangement of gratings and amplifiers to equalize the
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Figure 6.36: The RDC-ADM based on optical switches (after Ref.[68]).

insertion loss of the switches. The gratings are placed in the RDC-ADM
such that the channel at the maximum gain of the amplifier is placed
between the last pair of optical switches, and the lowest gain channel is
reflected first [68].

6.6 The polarizing beam splitter band-pass
filter

A filter based on an all-fiber polarization dividing coupler [69] changes
the Michelson BPF into a noninterferometric device. The polarization
splitting coupler allows only one of the orthogonally polarized eigenmodes
to couple across to the other fiber. The coupler is fabricated to be an
integral number of coupling lengths for one of the polarizations. Since
the supermodes of the coupler have slightly different propagation con-
stants, they have slightly different coupling lengths, ! (TE) and {.(TM),
for the TE and TM polarized modes. By making the coupling region long,
it can be arranged to be an odd number of coupling lengths for one polariza-
tion and an even number for the other. This ensures that only a single
polarization couples across the coupler, while the other remains in the
same fiber. Thus, the number of coupling lengths, N, is

L
AL
where Al, = [I{TE) — I(TM)|, and I, ~ I(TE) ~ I(TM). As a result of

N, (6.6.1)



6.6 The polarizing beam splitter band-pass filter 273

overcoupling, the device is wavelength sensitive, with a cyclic coupling
response shown in Fig. 6.37. It has excellent polarization isolation over
a narrow band of wavelengths but may be designed to operate at any
desired wavelength by adjusting the parameters at the time of fabrication.
Figure 6.38 shows a schematic of the polarization splitting coupler
in operation with Bragg gratings in ports 3 and 4. When operated at the
correct wavelength, the polarization splitter will cross-couple only one of
the two orthogonal polarization states in the input port 1, while the other
propagates unaffected. If gratings are placed at the output ports of such a
coupler, light at the Bragg wavelength is reflected and both polarizations
are coupled back to the input port 1. If a quarter-wave plate is placed just
before a grating and oriented such that at the output of the wave plate it is
left-circularly polarized, on reflection from the grating it becomes right-
circularly polarized. Traversing the wave plate once more the linearly polar-
ized output of the wave plate is orthogonal to the incoming polarization. At
the coupler, this state of polarization remains uncoupled and is routed to
port 2 of the coupler. The same applies to the orthogonal polarization state,
which also couples to port 2. Thus, as in the Michelson arrangement, the
device operates as a polarization-independent band-pass filter [72]. Each
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Figure 6.37: Thetransmission characteristics of the two orthogonal polariza-
tion states [72] at the output of the polarizing beam splitter. The extinction is

well over 30 dB.
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Input port 1
Output port 2 ¢ < —g

’:ég Eou AAPC ())®> Port 4

Figure 6.38: The polarization dividing band-pass filter in operation. The
dashed arrows indicate the direction of propagation. The circles with arrows
indicate the circularity of the polarization (after Ref [72]) PBS is a polarizing
beam splitter. /4 PC is a quarter-wave polarization controller.

reflected polarization is routed to the output port of the coupler, reconsti-
tuting the original polarization, but is rotated by #/2.

The experimental arrangement using a cascade of four chirped grat-
ings with two polarizing beam splitter band-pass filters (PBS-BPFs) is
shown in Fig 6.39. The quarter-wave plates are simply a few turns of
fiber in a polarization controller [70]. In this dispersion-compensating

0.55km fiber
D = ~9ps/nm

Port 1: INPUT
Tin = 0.47ps , (( ) ~ PBS (). -
EII}HHHHH{H—\—(Q - {._—-/”hﬁ‘@—;--emﬂﬂnumumﬂ

II]IiiHiIHIHHH—I—/r@ N~ % e
Matched Port 8:OUTPUT Ay, chirped
chirped e _ gratings:
gratings: Tour = 0.50 ps, bandwidth: 12nm

bandwidth: 12nm

Figure 6.39: Dispersion compensation with four cascaded 8-mm-long, 12-nm
bandwidth-chirped gratings and two PDBPF. The two polarization splitting band-
pass filters shown here have been cascaded to enhance the dispersive effect of
the chirped gratings [71,72].



6.6 The polarizing beam splitter band-pass filter 275

PDBPF, 0.47-ps pulses at 1562 nm were stretched to 60 ps after propaga-
tion through 0.55 km of partially dispersion-shifted fiber (dispersion of 9
ps/nm). A pair of identical 8-mm-long chirped gratings with a bandwidth
of 12 nm in the PDBPF routed the pulses to a second, identical DCG-
PBS-BPF. The output port of the second PBS-BPF recovered pulses of
0.50 ps, a recompression ratio of 60/0.5 = 109 [72].

The PBS-BPF is a noninterferometric device but relies on the coinci-
denceofthe arrival of the pulses at the PDS afterreflection. A delay between
the arrival of the pulses translates into polarization mode dispersion
{(PMD). A change in the path of 1 mm is equivalent to ~10 ps PMD. For such
short pulses, the paths were matched to <<0.01 mm by stretching the fiber.
Polarization variation in each arm causes an amplitude fluctuation. This
device remains reasonably immune from physical disturbance, so long as
the fibers after the PBS are not disturbed. Since all the components of this
device are based on optical fiber, it has low insertion loss (~0.2 dB, typically,
for the splitter).

The Michelson interferometer becomes the GMZI-ADM when a second
coupler is included after the gratings. The same applies to the polarization
dividing filter with a second PBS after the gratings. However, a major differ-
enceistheintrinsic stability of the latter device, since interferometer stabil-
ity is no longer necessary. BER performance of transmission systems will
degrade significantly as the PMD approaches half of the bit period. For a
low BER at a transmission rate of 10 Gb/sec, a maximum path imbalance
of a few millimeters would be required, which is easily achievable. The dis-
advantage of the filter is relatively small bandwidth of the PBS (see Fig.
6.36), so that channels can only be spaced close to the nulls of the PBS.

INPUT 2,2, (1%) Ay E(%:Bs Pota
ort PBS
HH T
P N LEL
- ILLL
DROP A, @ A, @OUTPUT M/ Ry

Port 2 PC PC

Figure 6.40: The polarizing beam splitter OADM. Multiple gratings between
the PCs allow more than a single channel to be dropped and added simultaneously
(after Ref. [73]).
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APBS-OADM has been demonstrated for a single channel using seven
wavelengths spaced at 0.8-nm intervals. The center channel was dropped
with a cross-talk penalty of 0.3 dB when the same wavelength was added
at a transmission rate of 2.5 Gb/sec. Heating part of one arm of the PBS-
OADM by 65°C induced a change of 0.3 dB at the cutput [73]. However, it
remains to be seen how this device will function under full environmental
testing. Figure 6.40 shows a schematic of the PBS-OADM [73].

6.7 Im-coupler Bragg grating filters

Co- and contradirectional wavelength selective couplers have been known
for a long time [74,75]. There are a number of ways that gratings in-
couplers may be used to form band-pass filters. Figure 6.41 shows three
different types of couplers, which include gratings to assist (grating-as-
sisted coupler, GAC), to frustrate (grating-frustrated coupler, GFC} and
to reflect (Bragg reflection coupler, BRC) light of a particular wavelength
that meets the phase-matching requirements.

The period of the refractive index-perturbation for codirectional grat-
ing-assisted coupling [GAC, Fig. 6.41 (i)] between two dissimilar fibers
is determined by the difference in the propagation constants of the two
guides. This is generally small, and therefore the period is long. For weak
overlap of the fields, the coupled-mode equations (see Chapter 4 on long-
period gratings), describe the interaction between the modes. The coupling
between the guides is sinusocidally periodic with length of the grating-
assisted region. The coupling has a relatively broad bandwidth (tens of
nanometers} and therefore poor wavelength selectivity, unless the device
can be made very long.

A normally 100% coupler is strongly detuned by the dispersion of the
grating and so fails to behave as a coupler near the Bragg wavelength,
and is called a grating-frustrated coupler [GFC, Fig. 6.41 (ii}]. It works
on the following principle: Two fibers with identical propagation constants
will exchange power at all except the “grating-frustrated” wavelength.
The in-fiber grating is a Bragg reflector at the frustrated-wavelength and
is present in only one of the fibers. The far end of the input fiber becomes
the “drop” port and is the one that does not contain the grating.

The Bragg reflecting coupler [BRC, Fig. 6.41 (iii) and (iv}] requires
a perturbation with a short period, as is the case for Bragg reflection,
being dependent on the sum of the magnitudes of propagation constants of
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Figure 6.41: Some examples of band-pass filters with in-coupler gratings.
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the two modes. This device can made with either two gratings in polished
couplers [76,77] or a single one written into a fused coupler [78], since
the perturbation has to be present in the entire cross-section of the cou-
pling region. The dropped channel is reflected and routed to port 2 of the
fiber coupler. In the following sections, the characteristics of the latter
two devices are presented.

6.7.1 Bragg reflecting coupler OADM

The BRC-OADM [76-78] is probably the most promising of all the OADM
devices that rely on interference. Essentially, this is a new twist to a range
of generic devices based on the grating-assisted coupling action. Apart from
being a simple device and having very low insertion loss, the BRC has the
potential of fulfilling the requirements for a high extinction at the “dropped”
as well as the “through” ports, and low back-reflection into the input port.
Schematics of the BRC in the assembled and fused forms are shown in Fig.
6.41 (iii, iv). In its fused form, it comprises two fibers tapered down to form
a long coupling region in which the fibers are kept parallel, followed by a
short grating and another long coupling region before the fibers separate.
The principle of operation is probably the cleanest of all the different
types of grating couplers and may be understood in the following phenome-
nological way: The light input into port 1 propagates adiabatically in the
tapered region to excite the supermodes of the coupler. In this region, the
two fibers merge into a single strand and become a glass rod without a core,
surrounded by air. In a normal coupler without the grating, 100% of the
light is transferred from one set of modes to the other to exit at port 4. If,
however, a point reflector is placed at exactly half the coupling length, then
the divided power between the modes travels back ward toward ports 1 and
2, and the coupling process continues uninterrupted, apart from the #phase
change induced by the reflection in all the supermodes. Thus, instead of
propagation in the positive z-direction, the supermodes travel in the nega-
tive z-direction and interfere at the exit of the coupler and are routed by
symmetry into port 2. In the BRC, the Bragg grating replaces the point
reflector, which is wavelength selective, and routeslight only near the band-
gap into port 2. This simple picture is surprisingly accurate, despite the fact
that coupling continues within the grating region, due to light penetration.
It is immediately apparent that a strong grating would be preferable, al-
though complications arise since the presence of the grating detunes the
coupling action. The BRC can also be considered to be a close analog to the
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Michelson/Mach—-Zehnder interferometer with “zero-length” paths. This
will become clear as one compares the theoretical performance of the BRC
with that of the Michelson with detuned Bragg grating wavelengths. One
essential difference between the two devices are the single grating as well
as only one common path in the BRC, as opposed to two gratings and two
paths in the Michelson interferometer. Many of the features of the BRC are
easily understood by comparing it with the Michelson [79].

Theory of the BRC

The theory of the BRC has been worked out using coupled-mode analysis
[76,80,77]. We closely follow the nomenclature of Ref. [77]. Referring to
Fig. 6.41 (iii), the fibers and A and B have unperturbed propagation
constants 3, and S, respectively, and the grating with a coupling constant
of «,, exists in both fibers, evanescently coupled with a coupling constant
«. In region II, there are co- and counterpropagating maodes, which are
coupled together. The presence of the grating introduces a detuning of
the propagation constants in each fiber, which are

AB, =B~ (6.7.1)
4

ABy =By~ (6.7.2)
8

My = 5 B = By)
1 (6.7.3)
=3 (A8, — ABy)

Coupling between counterpropagating modes of different fibers (4,/B,,
and A,/B,) is only significant if the fibers are very strongly coupled, so
that coupling occurs over a distance of a few wavelengths (when « is of
the order of 10°m ~!). Thus, these interactions can be ignored in a majority
of cases. The mode fields propagate with the modified propagation con-
stants and may be expressed as

A(z) = A (z)eiPer (6.7.4)
Ax(z) = Ay(z)e 0P (6.7.5)
B,(2) = By(z)e?2Pr* (6.7.6)

By(2) = By(z)e P, (6.7.7)
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In region II, the coupled-mode equations take the matrix form

A} —idB, —ix, —ix 0 Al
A} it IAB, 0 ix || A2

B|T| -ier 0 -ing -ikg||B1p  ©T®
B; 0 it k%, iAB, || B2

[

where the prime indicates d/dz. Expressed as an eigenvalue equation,
Eq. (6.7.8) results in the four eigenvalues (propagation constants) of the
four supermodes of region II. These are arrived at by straightforward but
tedious algebraic manipulation of Eq. (6.7.8) using standard techniques.
The four eigenvalues are

2
- \/|Kaci2 - [\/|~|2 T AR, + w] 6.7.9)

2
ag = \/ I 2 — | VIKE + A8, — —Aﬂ“—zﬁr (6.7.10)
o = — \/|Kac|2 - [ W+ A, + e ; AB"] (6.7.11)
= — \/ I 2 [wm - 5&;—“&]2. (6.7.12)

These are the most general solutions for the case when the fibers
have different propagation constants. The eigenmodes associated with
these eigenvalues have spatial fields that are expressed as the sum of
individual modes of each fiber. The initial boundary values determine
how each individual field grows (or decays). The first part of the analysis
recognizes the fact that an input at either A, or B, results in coupling
between the fibers through simple coupler action. This is described by
the equation for the transfer function of the coupler [Eq. (6.3.1)], but with
the appropriate coupling length, L, = L, with input fields A,(0)} = 1 and
B,(0) = 0. At the boundary to the grating, the two fields A,(L,) and B,(L)
become the input to the grating. With the assumption that A,(L; + L,)
= 0and By(L, + L,) = 0, the amplitudes of the four super-modes in region
II are evaluated using Eq. (6.7.8). Finally, the back ward propagating field
amplitudes at the input to the coupler are propagated in reverse through
the coupler to arrive at the amplitudes of the fields A,(0) and B,(0). Ideally,
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with a point reflector (grating), the transmission through to the output
ports would follow the equation for the coupler [Eq. (6.3.1a)}, to route the
entire out-off-band transmitted light to B,. However, because of the finite
length of the grating and the additional coupling that occurs in region II,
region III may no longer be equal to region I for optimum performance,
since |«|(L, + Ly + L3) = n.

As has been mentioned, a simple way of making such a device is to
draw two identical fibers together to form a coupler and subsequently
write a grating at the appropriate position, as shown in Fig. 6.41 (iv).
With two fibers and two gratings, there is always a possibility of a small
mismatch in the propagation constants after the fibers are polished and
the device assembled. The refractive index mismatch maybe typically be
~5 X 107°, resulting in ~85% coupling [38). Gratings written into such
fibers may therefore need to be written carefully in order to match the
Bragg wavelengths. With a fused fiber coupler, the quality of the device can
be very good with coupling approaching 100%, indicating the uniformity of
the coupling region. Thus, assuming fibers with identical propagation
constants, AB,, = 0, and the detuning AS, = ApB, simplifying Eqgs.
(6.7.9-(6.7.12)

ay = Vi |* — (4 + AB2 (6.7.13)
@ = Viigl* - (Id — 4B (6.7.14)
as = — Vi[> = (x + AB? (6.7.15)
ay = ~ Vi = (I« — 487 (6.7.16)

Note that despite using phase-synchronous fibers, in Eqgs. (6.7.13)-
(6.7.16) the eigenvalues have been detuned from the exact phase-matching
condition by «.

To calculate the field at the input port 1 (return-logs) and the dropped
port 2, the boundary conditions are applied. The dropped “transmission”
in port 2 is

L B0 1w [ Kae Sinh(aLo) o2t
> A0 2|d Lia; cosh(ayLy) + (8psinh(ayLy) (6.7.17)
_ Kye Sinh(apls) e2i¢]
iay cosh(apl,) + (8y)sinh(asLs) ’

where the detuning, 8, = —|« — AB, 8, = |«]| — ABand ¢ = (| + ABL,.
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Similarly, the back-reflected amplitude in port 1 is deduced as

_A0) 1 [ 5. sinh(a; L) o2t
P17 4,(0) ~ 2 |ie cosh(ayLy) + (8y)sinh{asLy) ©.7.18)
+ Kac Sinh(a2L2) ez;'¢]
iy cosh{anls) + (8y)sinh{asly) '

We note that in Eq. {(6.7.17) and (6.7.18), there are four terms of
interest. The two terms in brackets can be immediately recognized to be
identical to the reflectivity of two gratings at different Bragg wavelengths
[see Eq. (4.3.11)], given by equating &, and &, to zero. Secondly, the phase
term, 2¢, has two components; the first is due to the difference in the
propagation constants of two modes propagating through a fiber of length,
L,, after being reflected by the grating. The second part, «L,, is simply
the accumulated phase change due to the coupling action of the coupler.
The equivalent reflectivity and phase factors of two gratings as in Eq.
{6.3.2) can replace the two terms within the square brackets of Egs.
(6.7.17) and (6.7.18);

i, sinh{ayLo)

pleiqbl(/\) = - -
i cosh(ayLy) + (8))sinh(a,Ly) 6.7.19)
idaA) _ Kae SINh(anLy)
P iy cosh(ayLy) + (8,)sinh(agly)

We note that the magnitude of the reflectivity o, = po, since it is the
same grating with identical parameters, only different detuning. The
dropped transmission in Egs. (6.7.17) and (6.7.18) may be further simpli-
fied to

ry = L g [elBi0-24] _ ildain+2d))
2
L (6.7.20)
M= Epl[ei[¢1(/\)—2¢'] + ei'[¢2(z\)+2¢']]’
from which the power transmittance T, and back-reflectance R, are

p2
T, = El [1 ~ cos 4] (6.7.21)

2
R, = % [1 + cos &, (6.7.22)
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where
8 = P (A) — @A) + 4|L;. (6.7.23)

Interestingly, Egs. (6.7.21) and (6.7.22) are exactly the same form as
Egs. (6.3.7) and (6.3.8), which describe the transfer characteristics of the
Michelson interferometer with identical reflectivities but Bragg detuned
gratings. In the BRC, the detuning is implicit in the phase factors ¢, and
¢, and calculated by equating 8, and &, to zero, so that

A2 = 2ngp, w_iaﬁ (6.7.24)
where the sign in the denominator determines the perturbed Bragg wave-
length of the slow, symmetric (negative sign) and fast (poesitive sign)
antisymmetric supermodes. Note that for weak coupling, i.e., when |« —
0, the splitting in the Bragg wavelength tends to zero. The detuning is
solely dependent on the coupling constant of the coupler. For a given
detuning, 24A = A%,,.. — A}gmgg, we can calculate the coupling constant

ragg
by solving Eq. (6.7.24) as

|&] =~ 2meﬁe———-M 5, (6.7.25)
(ABragg)

where A, is the unperturbed Bragg wavelength.

Since the functional form of the properties of BRC band-pass filters
are almost identical to that for the Michelson interferometer, the detuning
that can be tolerated for low back reflection has been discussed in Section
6.3. For a back reflection of approximately —30 dB (requiring a detuning
of ~0.01 nm), we calculate the coupling constant « < 26 m™'. This low
value of the coupling constant is necessary to suppress the reflections on
each side of zero detuning, as shown in Fig. 6.20. In a practical device,
there is additional “apodization” due to the variation in the coupling
constant in the tapered or curved region of the eoupler, which will also
tend to reduce the back-reflected Light. For minimum back reflection, we
note that T, in Eq. (6.7.20) is zero, so that the coupling length L; may
be calculated as

7+ dy(A) — $1(A)

L= 4/A]

(6.7.26)

Thus, for a low back reflection, the propagation constants of the fibers
need to be matched carefully, as well as the Bragg wavelengths of the
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gratings in each fiber. Fusing two fibers together creates a highly uniform
taper with excellent physical symmetry. A fused coupler with a grating
therefore has the potential of functioning as a device with the required
characteristics.

A variant on the fused taper device is shown in Fig. 6.41 (iv), which
relies on the propagation constants of the two fibers being different [78].
However, the overlap of the modes and the grating becomes very large,
since the grating is in the entire waist region of the couple, and the fields
are bounded by air., A tilted grating will therefore act as a mode converter
when the Bragg matching condition is met,

B+ B, = -2/-11’ (6.7.27)
g

where B, and §; are the propagation constants of the two odd and even
modes.

This device has been demonstrated by Kewitsch et al. [78] with two
identical fibers, one of which is pretapered as shown in Fig. 6.41 (iv) to
change the propagation constant. A grating written in the waist at 1547
nm “dropped” 98% of the light in a bandwidth of 0.7 nm with a reported
insertion loss of 0.1 dB. One problem with a fused taper device is the
coupling to radiation modes of the fiber on the short-wavelength side of
the Bragg wavelength, which can cause both cross-talk and loss.

6.7.2 Grating-frustrated coupler

The generic form of this device is shown in Fig. 6.41 (ii). The coupler
consists of two fibers, which are assumed to be parallel, and a single
Bragg grating is present in one waveguide alone. The grating-frustrated
coupler can be modeled in several ways. These methods include su-
permodes of the structure [80,76] or using the coupled-mode theory devel-
oped by Syms [81]. Syms’s model applies to a grating in both regions of
the coupler and so has to be modified. In the following, the latter approach
has been taken to model this device.

The analysis is in two stages as in the analysis of Bragg gratings:
First, synchronous coupling is considered alone, i.e., at the Bragg-matched
wavelength, and then the detuned case is analyzed.

For synchronous operation, both fibers have identical effective mode
indexes at the Bragg wavelength: We ignore the perturbation introduced
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by the grating. The evanescent fields of the two fibers overlap and an
exchange of energy takes place.

The coupler can be analyzed by considering four modes with ampli-
tudes A; 4. Mode 1 travels in the positive z-direction ( from left to right)
in the upper fiber, from z = 0 to z = L. Mode 2 also propagates along the
positive z-direction in the lower fiber, from z = 0 to z = L. Mode 3 propa-
gates in the negative z-direction in the upper fiber, from z = L to z = 0.
Last, mode 4 also propagates in the negative z-direction in the lower fiber,
from z = L to z = 0. The evolution of the mode amplitudes of the four
waves is then described by a set of four first-order coupled differential
equations.

There are three significant interactions that need to be considered:

1. Copropagating interactions between the modes of different waveg-
uides (modes 1 and 2 as well as 3 and 4), ag they do in a normat
coupler without a grating. The overlap of the mode evanescent
fields allows an exchange of energy to take place since the guides
are phase matched. Because of symmetry considerations, a single
coupling coefficient « [Eq. (6.3.1¢)] can be used.

2. Counterpropagating interaction between the modes of the same
fiber. Modes 1 and 3, and 2 and 4, interact because of presence
of the Bragg grating. The general form of the refractive index
modulation of the grating, which allows this coupling, is given by
Eq. (4.2.27). The phase mismatch is

AB=p5 + B2 — 271"1—\'7 (6.7.28)

g
where the moduli of the mode propagation constants for the forward- and
counterpropagating modes 1 and 2 are

B =B = ——ff%;"e . (6.7.29)

The phage-matched condition determines the optimum coupling be-
tween the forward- and backward-propagating modes when A = 0, at
the Bragg wavelength. The presence of the grating promotes coupling
between modes 2 and 4 since the grating is only in the lower waveguide,
while modes 1 and 3 remain uncoupled. The coupling coefficient «,, for
Bragg reflection is given by Eq. (4.3.6),

Koo = 1’71%. (6.7.30)
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3. We assume that there is no coupling between modes 1 and 4, 4
and 1, 2 and 3, and 3 and 2.
Taking the above considerations into account, the four coupled-mode equa-
tions which describe the coupling are

dA .

L = TikAd

dA .

32—2 = —i{A; + KAy

(6.7.31)
dAs .
2 = kA

dA,
E = i{r,0As + KAg)

A similar procedure is followed as in the BRC coupler, and applying
the boundary conditions results in the outputs of the device [82]. The
grating-frustrated coupler works best when port 1 is excited (the fiber
without the grating) with the grating extending along the entire coupling
length and beyond, and with a coupler «L, = #/2. With this value of
coupling, 100% of the power is transferred from one fiber to the other at
a wavelength far removed from the Bragg condition, i.e., the device func-
tions as a normal coupler. On-Bragg, the frustrated coupling depends on
the strength of the grating coupling constant, The dependence of the
transmission and reflection characteristics for port 1 excitation on the
grating coupling strength is shown in Fig. 6.42.

Figure 6.43 shows the theoretical performance of a device similar to
the one reported by Archambault et al. [83], with approximately 70% in
the dropped port. Note that with increasing «L, (over the coupling length),
the on-Bragg wavelength transmission approaches unity, and the reflected
power tends to zero. In practice, in-fiber gratings are limited to index
modulations of ~10 3, resulting in «L, =~ 10 for a coupling length of
~4 mm. Thus, the performance of this device is likely to remain limited,
however elegant the principle, since the return loss remains high and
dropped power will suffer a loss of ~1 dB, despite the insertion loss being
intrinsically low (0.2 dB).

Figure 6.44 shows the transmission characteristics of a GFC with a
Koele = 9 (8n = 2.75 X 1073, and L, = 1.57 mm). The FWHM bandwidth
is in excess of 4 nm, the pass-band transmission is >0.9, and the transmis-
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Figure 6.42: Transmission and reflection characteristics for the GFC as a
function of the strength of the grating (courtesy Philip Russell from: Archambault
J.-L., Russell P, St. J., Barcelos S., Hua P, and Reekie L., “Grating frustrated
coupler: a novel channel-dropping filter in single-mode optical fiber,"Opt, Lett,
19(3), 180-182, 1994. Ref. [83]).
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Figure 6.44: The transmission characteristics of the four ports of GFC with
a kgL, =9, 6n = 2.75 X 107, and L, = L, = 1.57 mm (from Ref. [84)).

sion in the stop band is still of the order of ~0.05. As an OADM, this device
is unlikely to have the performance necessary for telecommunications
applications.

6.8 Side-tap and long-period grating band-
pass filters

The theory of radiation mode coupling can be found in Chapter 4. Radia-
tion mode coupling is generally used in applications requiring a lossy
filter. For example, in flattening the gain spectrum of an erbium-doped
fiber amplifier, a multiple side-tap grating (STG) filter [85] and the long-
period grating (LPG) [86] have both been successfully used to eliminate
the large variations within the gain bandwidth. The light “lost” from the
fiber through radiation mode coupling can be substantial, if the grating
is strong. Side-tap blocking filters can attenuate ~100% of the light within
a narrow band, which can be tailored to span 100 nm or more. While
STGs in general allow coupling to el order modes (odd and even, LP,,,),
untilted LPGs couple guided-mode light to only m = 0 order modes (LP,,,).
Choice of blaze angle and the v-value of the fiber easily tailor the loss
spectrum and bandwidth of the STG. The bandwidth of the LPG is deter-
mined by the coherent interaction between the radiated cladding mode
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and the guided mode over the long grating length (centimeters), with a
bounded ¢ladding, With an unbounded cladding, the loss spectrum of the
LPG becomes extremely wide (>>100 nm) [87], since the dispersion in (74
— Nladding) 18 Very weak. Figures 6.45¢ and b show light exiting from the
side of a fiber by an STG and an LPG. The cladding mode has a better
chance of interacting with the LPG. A ray exiting the core at an angle of
10° to the fiber axis will travel ~0.4 mm before being reflected back toward
the grating in a 125-xm diameter fiber. Shallower angle rays may miss
the STG altogether after the first reflection at the cladding-air interface.
This is less likely in the LPG, which may be 2-10 times longer than a
typical STG. Therefore, there may be continual exchange of energy be-
tween the radiated mode and the guided mode with the LPG, unless the
cladding is made “infinite” by applying index-matching oil to the cladding.
Instead of coupling to discrete radiation modes (approximately the same
as the cladding modes), light is coupled to a continuum of the radiation
field, so that a broadband loss spectrum is seen in transmission rather
than a narrow bandwidth of the cladding mode [87].

Note that the angular distribution of the radiation for the LPG as a
function of wavelength is reversed compared to the STG,; i.e., the longest
wavelengths exit at the largest angle (see Chapter 4).

The basic principle of the coupling relies on the phase-matching condi-
tions, and the overlap integrals determine the strength and the wave-
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Figure 6.45: Light radiated from the STG and (b} from the LPG.
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length dependence of the loss. There are two bounds to the loss spectrum,
one on the short- and the other on the long-wavelength side: Light radiated
out of the fiber core subtends a wavelength-dependent angle &A) to the
counterpropagation direction (STG) and copropagating (LPG), which de-
pends on the inclination of the grating and period.

For the STG, this angle of the radiated light at wavelength A in the
infinite cladding 