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Abstract—We analyze theoretically the light transmission
characteristics of corrugated long-period gratings formed in slab
waveguides. Thetransmission spectra of thegratings show distinct
rejection bands at specific wavelengths, known as the resonance
wavelengths. Weinvestigatein detail the phase-matching curves of
the gratings, which govern therelationship between the resonance
wavelength and the grating period. Thanksto theflexibility in the
choice of the waveguide parameter s, the phase-matching curves of
along-period waveguidegrating can bedifferent characteristically
from those of a long-period fiber grating (L PFG), which implies
that the former can exhibit much richer characteristics than the
latter. Unlikean L PFG, thetransmission spectrum of along-period
waveguidegratingisin general sensitivetothepolarization of light.
Nevertheless, a proper choice of the waveguide and grating pa-
rameters can result in a polarization-independent rejection band.
L ong-period waveguide gratings should find potential applications
in awide range of integrated-optic waveguide devices and sensors.

Index Terms—Coupled-mode analysis, gratings, optical filters,
optical planar waveguides, optical polarization, optical waveguide
filters, optical waveguides.

I. INTRODUCTION

N recent years, significant efforts have been directed into

the development of long-period fiber gratings (LPFGs) for
gain equalizing or flattening of erbium-doped fiber amplifiers
(EDFAS) [1]-{4], multichannel filtering in wavelength-division
multiplexed systems [5], [6], and various sensing applications
[7]1-10]. An LPFG written in a single-mode fiber is capable of
coupling light from the fundamental mode to selected cladding
modes at specific wavelengths[1]. Thisresultsin atransmission
spectrum with anumber of rejection bands. In comparison with
fiber Bragg gratings (FBGS), LPFGs offer a number of advan-
tages, including easy fabrication, low back reflection, and better
wavel ength tunability. These advantages render the LPFG par-
ticularly desirable for applications where anarrow bandwidthis
not required. Detailed theoretical analyses of the transmission
characteristics of LPFGs are available (see, for example, [11]
and references therein).

It has been demonstrated that many of the characteristics
of LPFGs can be controlled effectively by using specia fiber
designs [12]-{15] or by etching the fiber diameter [16], [17].
However, the geometry and material constraints of a fiber still
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Fig. 1. Refractive-index profile of a four-layer planar waveguide, where a
corrugated long-period grating isintroduced on the surface of the guiding layer.

impose significant limitations on the functions that an LPFG
can achieve, especialy on the realization of active devices.
To remove the constraints of a fiber, long-period waveguide
gratings (LPWGSs) have been proposed [18], [19]. Recently,
widely tunable corrugated LPWG filters in polymer-coated
glass waveguides [20] have been demonstrated experimentally,
which provide linear wavelength tuning over the entire C+L
band (~90 nm) with a temperature control of only ~ 10°C.
These filters outperform the reported tunable L PFG filters[14],
[15] on both wavelength tuning range and sensitivity.

In this paper, we present atheoretical analysis of corrugated
LPWGsin dabwaveguides. In particular, we calculate thetrans-
mission spectra for both the TE and TM polarizations, investi-
gatetheeffectsof thewaveguide cladding on the phase-matching
curves, and highlight the possibility of achieving polarization-
insensitive rgjection bands. This paper extends substantially the
previous work, where a phase LPWG in a slab waveguide with
athick cladding for the TE polarization is considered [18]. This
paper showsthat, asthe cladding of the waveguide becomesthin,
the transmission properties of an LPWG can change markedly.
Furthermore, corrugation is a more universal approach for the
fabrication of waveguide gratings. Our results should provide a
better understanding of the properties of an LPWG, as well as
useful guidance for the design of LPWG-based devices.

II. METHOD OF ANALYSIS

Fig. 1 shows a four-layer slab waveguide structure, which
consists of a substrate of refractive index ng, aguiding layer of
refractive index ny and thickness d;, a cladding layer of refrac-
tive index n.; and thickness d.;, and an external medium of re-
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fractiveindex n., that extendsto infinity, wheren; > ng > ng,
Nex- We assumethat only the fundamental TE, and TMy modes
are guided with n; < Ng < ng, where Vg is the mode index,
and a corrugated grating with period A and corrugation depth
Ah isintroduced on the surface of the guiding layer. Thegrating
alowslight coupling from the fundamental mode (TE, or TMg)
to the cladding (TE,, or TM,,,) modes whose mode indexes
Np(m=1,2,3,..)aesmdlerthanng,i.e, ns < N, < na.

The transmission characteristics of the LPWG can be an-
alyzed by the coupled-mode theory [1], [18]. The resonance
wavelength A\g, namely, the wavelength at which the coupling
between the fundamental mode and the mnth order cladding
mode is strongest, is obtained as

Ao = (NO - Nrn)A (1)

whichisreferred to asthe phase-matching condition. In general,
the resonance wavelengths for the TE and TM polarizations are
different. The transmission coefficient at any wavelength X is

given by
Iﬁ;2 .92 / 52
T:1—msm I‘E2+IL (2)

e 1

whereé = (27 /X)) (No— Np,) =21 /A = 2n /M) (Ao —A)/Ais
adetuning parameter (phase mismatch) that measures the devi-
ation of thewavelength A\ from Ag, ~ isthe coupling coefficient,
and L isthelength of thegrating. For the grating showninFig. 1,
the coupling coefficient » arises from the corrugation along
the guiding layer of the waveguide and, in general, depends on
the polarization of light. According to the coupled-mode theory
[21], the grating is treated as a perturbation of a uniform wave-
guide with guiding layer thickness di — Ah/2 and cladding
thickness d. + A% /2, asshownin Fig. 1. By following the pro-
cedures detailed in [21] and considering only the first spatial
harmonic of the grating, we obtain the general expressions for
the coupling coefficient of the LPWG. For the TE polarization,
the coupling coefficient, denoted as xTg, ,TE, , isgiven by

koAn2 /dr
5 = Eo,Eydx 3
TE=TEw = Ducig Jy an V™ (©)

where ¢ isthe speed of light in vacuum, 1. isthe magnetic per-
meability, An2 = nZ—n2, ko = 27 /X isthewave-number, and
E,, and E,,, arethe normalized electric fields (along the -di-
rection) for the TE, and TE,,, modes, respectively. For the TM
polarization, the coupling coefficient, denoted as sk, —1M, .,
is given by

FTMy—TM,, = Ha + fiz )

with
- k‘oATL%Ngan
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where ¢ is the electric permeability of vacuum and H,, and
H,,, arethe normalized magnetic fields (along the y-direction)
for the TMy and TM,,, modes, respectively. The result for the
TM polarization is more complicated, because the TM mode
consists of two electric field components, one along the z-di-
rection and the other along the z-direction, and the z-compo-
nent is discontinuous at the waveguide boundaries. On the other
hand, the TE mode contains only one electric field component
along the ¢-direction, which is continuous everywhere. By sub-
gtituting the appropriate mode fields in (3)—«5), the coupling
coefficients, and hence, the transmission coefficients, can be
evaluated. For a four-layer dab waveguide, analytical eigen-
value equations for solving the mode indexes and the mode
fieldsare available (see, for example, [22]). The mode fieldsare
normalized according to —(1/2)Re [*°_E,Hxdz =1 for the
TE modes and (1/2)Re [*°_ H,E%dx = 1 for the TM modes,
where the subscript denotes the direction of the field compo-
nent.

For al the numerical results givenin subsequent sections, un-
less stated otherwise, the following waveguide parameters are
used: ng = 1.444, ng = 1.53, na = 1.50, nex = 1.0 (air),
and d; = 2.0 um. These values are typical of a polymer wave-
guide fabricated on a silica substrate. The cladding thickness
de1, which is an important design parameter, is alowed to vary.
For the sake of simplicity, material dispersion and stress-in-
duced birefringence are ignored in the analysis, although they
can be readily incorporated into the analysis if their values are
known.

I1l. PHASE-MATCHING CURVES

The phase-matching condition given by (1) governs the de-
pendence of the resonance wavel ength onthe pitch of thegrating
and, therefore, plays a central role in the study of long-period
gratings.

The variation of the resonance wavelength with the grating
pitch is shown in Fig. 2 for four different values of cladding
thickness: d,; = 10 um, 5 upm, 2 zpm, and 1 zm. The curves
shown in Fig. 2 are referred to as the phase-matching curves,
which help us choose a grating period to filter out a certain
wavelength from the transmission spectrum of the waveguide.
Each curve characterizes the coupling between the fundamental
mode and a particular cladding mode.

When the cladding isthick, as shown in Fig. 2(a), the number
of cladding modes available for light coupling decreases as the
grating period increases. The slope of the curve for ahigh-mode
order, e.g., m = 3or4inFig. 2(a), changessign from positiveto
negative as the wavelength increases. In other words, the curve
exhibitsaturning point, which impliesthat two resonance wave-
lengths that correspond to the same cladding mode can be pro-
duced with the same grating period. The turning point occurs at
alonger wavelength for alower order mode; it shiftsto ashorter
wavel ength asthemode order increases. Asamatter of fact, dual
resonance wavelengths have been observed in an LPFG for a
high-order cladding mode (e.g., the LPy;; mode) [23]. Our re-
sults show clearly that dual resonance wavelengths should be
observable with arelatively low-order mode in an LPWG.

It is noted that the phase-matching curvesfor the TE and TM
polarizationsarein general different. To facilitate the discussion
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Fig. 2. Phase-matching curvesfor an LPWG with n, = 1.444, n¢ = 1.53, no; = 1.50, nex = 1.0, and dr = 2.0 pm at different values of cladding thickness:
@ dg =10.0pum, (b)dy = 5.0 um, (C) dey = 2.0 gm, and (d) do; = 1.0 pm.

of this property, we propose a waveguide parameter D,,,, which
is defined as

D'rn — (N(;TE _ N,;,[;E) _ (N(')I‘]\'T _ N;’[‘l]\q) ,
form=1,2,... (6)

where the superscript label sthe polarization associated with the
mode index. Clearly, according to (1), D,, is ameasure of the
difference between the resonance wavelengths of the TE and
TM polarizations. AsshowninFig. 2(a), D; and D, areaways
positive, i.e., the TE modes couple at alonger wavelength than
the TM modes. However, for the higher order modes (m = 3
and 4), the TE and TM phase-matching curves become close
and, in fact, can cross each other, i.e., D3 and D, can change
sign. Thisimplies the presence of a specific grating period that
can bring D3 or D, to zero, so that the couplings for both po-
larizations occur at the same wavelength.

As the cladding thickness decreases, the number of cladding
modes supported by the waveguide decreases. For the present
waveguide, only one cladding mode exists when the cladding
thickness is reduced to 1 pm. As shown by the results in

Fig. 2(b)—(d), the dual resonance phenomenon can be observed
with even the first-order cladding modes (TE; and TM;
modes), if the cladding is thin enough. Our finding extends the
knowledge of an LPFG. Because the fiber cladding is thick
(62.5 um in radius), dua resonance occurs only at a high
cladding mode order in an LPFG [23]. Here we find that the
cladding mode order for such a phenomenon to occur actually
decreases with the cladding thickness. It should be easy to
observedual resonance with an LPWG by using athin cladding.

In the case of an LPFG, because the fiber cladding islarge, a
small changein the cladding thickness affects only the mode in-
dexesof the cladding modes. Although afiber cladding asthinas
34.8 ymin radius has been demonstrated [16], it is still consid-
ered thick, compared with that used in awaveguide. In the case
of an LPWG, because the cladding is much thinner, achangein
the cladding thickness can affect not only the mode indexes of
the cladding modes but also the mode index of the guided mode.
This can give rise to phase-matching curves that are markedly
different from those for an LPFG. In particular, multiple reso-
nance wavelengths at a given grating period, as calculated from
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(1), become possible over a narrow range of wavelengths, as
shown in Fig. 2. While the phase-matching curves for the case
dep = 10 pm, as shown in Fig. 2(a), till resemble those of an
LPFG, the curves for the cases d.; = 5 um, 2 um, and 1 zm,
as shown in Fig. 2(b)—(d), show characteristically different fea
tures. For the case d; = 1 um, the phase-matching curve for
the TE; (or TM;) mode actually starts with a positive slope at
a short wavelength and turns back at a longer wavelength (not
shown in the figure) with a negative slope. It turns back again at
an even longer wavelength (1.7-1.8 ;zm) with a positive slope.
Fig. 2(d) shows only the second turning point of the curve. The
same features can be seen in Fig. 2(c) for the TE; and TM»
modes, and in Fig. 2(b) for the TE3 and TM 3 modes.

The dope of the phase-matching curve dAo/dA depends
on the dispersion characteristics of the guided mode and the
cladding mode of concern [24]. For an LPFG, it has been
shown that this parameter governs the sensitivity of the reso-
nance wavelength to any physical parameter, which can be an
environmental parameter, such as temperature, strain, pressure,
surrounding refractive index, etc., or a fiber parameter such as
the cladding radius [25]. Since the phase-matching curves of an
LPWG can be markedly different from those of an LPFG, we
expect that the sensitivity characteristics of an LPWG can aso
be markedly different from those of an LPFG. By removing the
geometry and material constraints of an LPFG, much richer
transmission characteristics can be achieved with an LPWG.

IV. COUPLING COEFFICIENTS

According to (2), the strength of the rejection band of an
LPWG is governed by the coupling coefficient. Fig. 3 shows
the coupling coefficients for the TE,—TE; and TMy—TM;
couplings as functions of the corrugation depth Ah for
daq = 4 pmand A9 = 1.584 um. Because the electric and
magnet fields depend on the corrugation depth, the coupling
coefficients as given by (3)—(5) can be expanded in terms
of Ah,Ah?, Ah®, .... When Ah is small, the higher order
terms in the expansions can be neglected and the coupling
coefficients increase linearly with the corrugation depth. When
Ah islarge, however, the higher order terms become significant
and the relationship between the coupling coefficient and the
corrugation depth is no longer linear, as shown in Fig. 3.

The results in Fig. 3 help us choose a suitable corrugation
depth to achieve a specific contrast for a given grating length.
For example, with L = 4 mm, the coupling coefficient required
for achieving a maximum contrast is given by x = # /2L =
3.9 x 10~* pm~*, which, according to Fig. 3, requires a corru-
gation depth of ~90 nm (~4.5% of the thickness of the guiding
layer) for the TE polarization. On the other hand, for an LPFG
to give a similar performance, a grating length of several cen-
timetersisusually required [1]-{10]. Corrugation is an effective
means for making strong gratings.

The dependence of the coupling coefficient on the cladding
thickness is shown in Fig. 4 for severa cladding modes (as-
suming Ak = 0.1 pgm and Ao = 1.584 pm). It is seen from
Fig. 4 that the coupling coefficient increases with the cladding
thickness initially and reaches a maximum value at a partic-
ular cladding thickness. It then decreases with afurther increase
in the cladding thickness. When the cladding becomes thick
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enough, the coupling coefficient can change sign. All these fea-
tures are the results of modifying the mode field distributions
in the waveguide as the cladding thickness changes. As shown
in Fig. 4, for the same mode order, the coupling coefficient
for the TE polarization is generaly larger than that for the TM
polarization.

V. POLARIZATION-INDEPENDENCE CONDITIONS

As shown by the results presented in the previous sections,
the resonance wavelength and the coupling coefficient are in
genera sensitive to the polarization. It is possible, however, to
obtain a polarization-independent resonance wavelength. The
condition required is D,,, = 0 (m = 1,2,...), where D,, is
defined in (6). The dependence of D; on the cladding thick-
ness d. is shown in Fig. 5(a) for three different wavelengths.
At each wavelength, the value of D; can change from negative
to positive as the cladding thickness increases. The value of d.;
required for achieving D; = 0 as afunction of wavelength is
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shown in Fig. 5(b), and the corresponding coupling coefficients
are shown in Fig. 5(c). Clearly, a proper choice of the cladding
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thickness can give the same resonance wavelength for both the
TE and TM polarizations. For example, to obtain a polariza-
tion-independent resonance wavelength at 1.584 ;:m, we should
use a cladding thickness of d.,, = 4.0 um. On the other hand,
it seemsimpossible to equalize the coupling coefficients for the
TE and TM polarizations. Fortunately, as shown in Fig. 5(c),
the coupling coefficient depends weakly on the polarization. By
carefully balancing the length of the grating and the corruga-
tion depth, a polarization-independent coupling strength can be
achieved. Being a periodic function of « and L, the transmis-
sion coefficient given by (2) can attain the same value for two
different values of . Because the coupling coefficients for the
two polarizations are not too different, as shown in Fig. 4, the
bandwidths of the rejection bands are expected to be insensitive
to the polarization.

As an example, the transmission spectra of two LPWGs,
LPG A and LPG B, are shown in Fig. 6, where Ah = 0.1 um,
A =70 pm, L = 4.0 mm, and the TE,—TE; and TMy—TM;
couplings are assumed. For LPG A, the cladding thickness
isdgq = 4.0 um, which is the value required for giving a
polarization-independent resonance wavelength at 1.584 pm.
For this grating, the coupling coefficients for the TE and TM
polarizations are 4.31 x10~* pym~! and 3.73 x10~* ym1,
respectively, and the corresponding contrasts at the resonance
wavelength are 19.1 and 19.0 dB. The bandwidths for the two
polarizations are almost the same. On the other hand, for LPG
B, the cladding thickness is d, = 5.0 pum, which results in
distinct rejection bands for the two polarizations, as shown in
Fig. 6. While LPG A is useful for the construction of polar-
ization-insensitive devices, LPG B can serve as a waveguide
polarizer. For sensor applications, the two distinct bands in
LPG B could be explored to overcome the problem of temper-
ature interference by providing simultaneous measurement of
temperature and the physical parameter of interest (e.g., the
surrounding refractive index [18]).

Thetolerancein the cladding thicknessrequired for achieving
a polarization-insensitive resonance wavelength is also shown



inFig. 5(b). It can be shown from the phase-matching condition
that, with A = 70 pzm, |D1| = 1.0 x 107> gives a difference
in the resonance wavelength of ~0.7 nm between the two po-
larizations, which is small compared with the bandwidth of the
rejection band. The corresponding tolerancein d.; is~ 0.1 pm,
which iswell within the capacity of the modern waveguide fab-
rication technology.

VI. CONCLUSION

We have presented a detailed theoretical analysis of corru-
gated LPWGs in slab waveguides. We find that the cladding
thickness of the waveguide has significant effects on the phase-
matching curves, and as aresult, an LPWG can produce phase-
matching curves that are markedly different from those of an
LPFG. Because the transmission spectrum and the sensitivity
of the resonance wavelength to any physical parameter depend
critically on such curves, an LPWG can show much richer char-
acterigtics than an LPFG. Further studies are being carried out
to fully explore such characteristics. Our numerical results also
confirm that corrugation is an effective means of introducing
mode couplings, which means that a short corrugated LPWG
is sufficient to produce a strong rejection band. Another dis-
tinct property of an LPWG isitspolarization dependence. While
both the resonance wavelength and the contrast of the rejec-
tion band are in genera sensitive to the polarization of light,
our results show the possibility of designing LPWGs with po-
larization-insensitive rejection bands. LPWG can be exploited
as a flexible structure in the design of various kinds of wave-
length-selective optical devices and sensors. Our theory can be
extended to L PWGsin variouskinds of rectangular-core waveg-
uides by means of the effective-index method [26] or the pertur-
bation method [27], which isasubject for further study. We ex-
pect more flexibility in the control of the polarization properties
of LPWGs by adjustment of the dimensions of rectangular-core
waveguides.
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