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Abstract—In this paper, a frequency-selective structure based that can be realized based on the guided-mode resonances.
on guided-mode resonance effects in all-dielectric waveguide grat- Reflection and transmission guided-mode resonance filters
ings is demonstrated theoretically and verified experimentally. Re- are fabricated and tested in the 4-20-GHz range with a close

flection (band-stop) filters with high efficiency, extended low-side- fit bet th ) tal and th tical tral
band reflection, and symmetric line shapes are designed by em- itbetween the experimental an eoretical spectral response

bedding gratings in layered antireflection structures. Reflection €stablished.

filter examples employing common dielectric materials illustrate A structure with multiple layers containing one or more grat-
linewidth control by grating modulation. An additional mechanism ings in separate layers can be used to obtain high-efficiency re-
for linewidth control is demonstrated with phase-shifted gratings.  fjaction or transmission filters depending on whether the thick-

Double-line reflection filters are obtained in structures containing d dielectri tant h t0 vield hiah t
two gratings with different grating periods. High-efficiency trans- nesses and dielectric constants are chosen 1o yie Igh trans-

mission (bandpass) filters are demonstrated using multilayer wave- Mission outside the stopband (i.e., antireflection (AR) design)
guide gratings in a high-reflectance thin-film configuration with a  or low transmission outside the passband (i.e., high-reflection
single grating in the center layer bordered by dielectric mirrors  (HR) design), respectively. The filter characteristics are tailored
composed of high/low quarter-wave layers. Single-layer and mul- 1, 4 4jysting the parameters of the device. Thus, the center fre-

tilayer waveguide gratings operating as reflection and transmis- . . . .. .
sion filters, respectively, were built and tested in the 4—-20-GHz fre- quency of the filter is determined principally by the grating pe-

guency range. The presence of guided-mode resonance notches andiod and influenced by the dielectric constants of the grating
peaks is clearly established by the experimental results, and their and layer thicknesses [7]. The sidebands can be made arbitrarily
spectra_l location and_line sha_pe_ is found to be in excellent agree- |ow and extended over a |arge frequency range by addmg |ayers
ment with the theoretical predictions. with dielectric constants and thicknesses obeying AR/HR con-
Index Terms—Bandpass filters, dielectric waveguides, fre- ditions [9], [10]. The linewidth of the filter is determined by
quency-selective surfaces, gratings, guide-mode resonance effeche difference between the dielectric constants of the materials
periodic structures, waveguide filters. within a grating period (i.e., grating modulation), by the dif-
ference between the average dielectric constant in the grating
|. INTRODUCTION region and the dielectric constant of the surrounding medium,

and by the fraction of the grating period occupied by the high

IELECTRIC waveguide gratings have been shown tg. : = L
. . %electnc—constam material (i.e., grating fill factor) [7]. Wave-
possess resonance anomalies and unique frequency-selec

tivity properties that can be used to design reflection (band-sttﬁ#'de gratings with small grating modulation can generate filter

o . . . ewidths comparable to those of YIG filters [18].
and transmission (bandpass) filters in the microwave-frequenc L . .
. . . he principles of guided-mode resonance reflection and
[1]-[4] and optical-frequency [5]-[17] regions. This new typ?ra

A . nsmission filters will be discussed in Section Il. Specific
of filter, based on the guided-mode resonance phenomen8n : . . o .
esigns for microwave reflection and transmission filters are

combines principles of diffraction by periodic structures wit . . . .
i L ._then described in Sections Ill and IV, respectively. Examples
waveguide theory and thin-film interference concepts to yie . .

of single-layer and multilayer narrow-band and broad-band

filters with high efficiency at a desired frequency and low . o ) . : .
. . : reflection and transmission filters using dielectric constants
sidebands extended over a sizable spectral range. In this paper : . . . .

orfesponding to practical materials are given with center

calc_ulated characterls'qcs Of. microwave Wav.egu.'de'gra.t"?r%quencies in the spectral range of 8-16 GHz. The effect of
devices are presented, illustrating the variety of filtering devices

Spatial phase shifts of adjacent gratings on the filter linewidth
is presented and multiline filters implemented with several
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Fig. 2. Reflectance of a single-layer waveguide grating with grating period
A = 1.65 cm and dielectric constantsy = 2.59 (Plexiglas),c;, = 2.05
(Teflon), ande: = ¢s = 1.0. The thickness is: (a) = 0.5 cm and (b)

d = 0.7 cm (half-wavelength).

waveguide grating [7], [9]. Additionally, resonance regime plots
Transmitted wave l By of incidence angl@ versus normalized resonance wavelength
A/A illustrate thed — A connection for the various diffraction
orders [7], [16]. Afilter design is polarization dependent; the TE
) and TM polarization states have different resonance locations,
_ _ _ , _(Jinewidths, and free spectral ranges. However, the principles and
Fig. 1. (a) Single-layer and (b) multilayer square-wave profile wavegui ero erties of the microwave waveauide filt ted in thi
grating under normal incidence. The grating period is denoted! tifi factor ~ PFOP = guide niters prese_n e_ inthis
by £, layer thicknesses by, and dielectric constants by paper are fundamentally similar regardless of polarization.
A typical TE-polarization (i.e., the electric vector normal to
realized with G10 fiberglass. It is found that the resonané@e plane of incidence of Fig. 1) reflectance spectrum for the de-

locations and other spectral characteristics measured for bYiFE geometry of Fig. 1(a) is illustrated in F_'g' 2. For the greater
reflection and transmission filters agree well with the theorep@rt of the spectrum, the zeroth-order grating has the reflectance
ical predictions and transmittance of a thin film with a dielectric constant equal

to the average dielectric constant of the grating. At specific
values of the frequency and incident angle, the diffractive el-
ement enables the incident electromagnetic wave to couple to
The filtering properties of waveguide gratings originate in théae waveguide modes supportable by the structure. The periodic
guided-mode resonances that naturally occur in these structuragdulation of the guide makes the structure leaky, preventing
A simple waveguide grating with only one layer containing austained propagation of modes in the waveguide, but coupling
planar rectangular grating is shown in Fig. 1(a). The grating tige waves out into the substrate and cover. As the frequency is
composed of dielectric materials, ) with the average di- varied around the resonance, rapid variations in the phases of the
electric constant being greater than the dielectric constants reradiated waves occurs. The reradiated waves interfere with the
andeg of the surrounding media in order for this layer to condirectly reflected and transmitted fields to generate rapid vari-
stitute a waveguide. To maximize the efficiency of the devications in the intensity of the externally observable electromag-
a subwavelength grating period is chosen to admit only the Ztic fields with respect to the frequency or angle of incidence
roth diffraction orders propagating in reflection and transmi®f the incident wave. In particular, at the resonance frequency in
sion. A more general structure consisting of a stack of hombig. 2, the forward-transmitted zeroth-order wave and the rera-
geneous and grating layers is the multilayer waveguide gratiéigted superimposed forward wave have equal amplitudes and
represented in Fig. 1(b). arer radians out of phase, resulting in a transmission null and
To characterize waveguide-grating resonance filters, rigorog@ncomitant complete reflection, as shown in the figure. This
coupled-wave analysis [19] is used. Full solution of these equzaper focuses on the frequency dependence of the reflectance
tions yields the exact resonance frequency for a given angleastd transmittance of waveguide gratings for fixed angles of in-
incidence as well as the diffraction efficiencies of the filters. Apsidence.
proximate values for the resonance frequency location and thé he design of reflection filters based on the guided-mode res-
free spectral range of the filters can be obtained with considenance effect involves specifying the filter parameters such as
ably less computation by solving the eigenvalue equation of tttee thickness and dielectric constant of each layer necessary to
equivalent unmodulated slab waveguide corresponding to tehieve symmetrical line shapes and reduced reflectance around

Il. PRINCIPLES OFWAVEGUIDE-GRATING FILTERS
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the central wavelength. For the case of a single-layer wave- 1
guide grating, a symmetrical line-shape filter can be achieved 09
. . . . 7 TE ™

by choosing the grating thickness to be near a multiple of half- ]

. . 0.8

wavelength (i.e., the resonance wavelength) in the layer and :

_ 0.7

EC = €5 [8] o] k

The sidebands can be substantially suppressed by adding ho- £ 0.6 E

mogeneous layers to form a multilayer waveguide grating, as £ 0.5

. . . . ) . @] E

shown in Fig. 1(b), and applying results from thin-film inter- D04

ference theory. A diffraction grating can be embedded into tra- E 03 -

ditional AR designs provided the average dielectric constant of T

the layer remains unchanged, when substituting a homogeneous 02 7

layer with a periodic one, thus reducing the reflectance in the 0.1
sidebands to small values and over extended spectral ranges. 0 \ 1L — ,L—/
The basic guided-mode resonance effect has also been shown 10 11 12 13 14 15 16 17 18

to enable transmission bandpass filters with high efficiency and FREQUENCY (GHz)

a symmetrical response [10]. The basic element is a thin-film
high/low (HL) dielectric-constant quarter-wave pair that iSig. 3. Spectral response of a triple-layer guided-mode resonance reflection
highly reflective in the absence of resonance effects. LdWer for TE (electric-field vector normal to the page) and TM polarization of

t

. be obtained b . . h e incident wave. The parameters ake= 1.3 cm,c g, 1 = 2.59 (Plexiglas),
transmittance can be obtained by superimposing omogenequ.f, = 2.05 (Teflon)g, = 6.13 (E-glass)es = 2.59,6¢ = 5 = 1.0,dy =

quarter-wave layers of alternating HL dielectric materials, as @85 cm,d, = 0.22 cm, andds = 0.33 cm. The resonance peak frequencies
Fig. 1(b). A guided-mode bandpass filter results on replacifdégfv = 12.91 GHz andv = 15.15 GHz, for TE and TM polarizations,
one or more of the homogeneous layers with gratings of eq%pecn\'ely'
average dielectric constant.
as an increased control over the passband and the angular aper-
ture of the filter.
An important goal in filter design is spectral linewidth con-

A typical single-layer reflection filter with air as cover androl. The linewidth of guided-mode resonance reflection filters
substrated~ = 5 = 1.0) has the calculated response showhas been shown to increase with the modulation of the grating
in Fig. 2. The grating materials have dielectric constapts= and the dielectric-constant difference between the grating and
2.59 ande;, = 2.05 (corresponding approximately to the pasubstrate [7]. The increase with modulation is due to increased
rameters of Plexiglas and Teflon, respectively) and a grating geakage of the waveguide grating about the resonance wave-
riod A = 1.65 cm. As shown in Fig. 2(a), arbitrary thicknessetength. A guided-mode resonance response with symmetrical
of the grating layer yield reflectance curves with asymmetrichihe shape can be approximated by a Lorentzian function with
line shape. Using a thickness of a half-wavelength, determing center frequency determined by the phase-matching con-
by the resonance frequeney~ 14 GHz, a symmetrical diffrac- dition of the external field to the waveguide mode and with
tion efficiency with small sideband reflection [see Fig. 2(b)ihe linewidth proportional to the waveguide coupling loss [12].
in the spectral range of 12—16 GHz results. Adding two morkherefore, an increased leakage of the grating generates a larger
layers with dielectric constants = 6.13 (E-glass) ands; = linewidth of the guided-mode resonance filter. A higher dielec-
2.59 (Plexiglas), approximately satisfying the three-layer ARic constant of the grating region leads to increased confine-
conditions? ;% /e3 = 1, and with quarter-wave thicknesses ofnent of the modes in the associated unmodulated waveguide,
the three layers, a high-efficiency filter is realized with a broadus resulting in a broadening of the linewidth [7]. The influ-
low-reflectance response (Fig. 3). For TE polarizatior: 1% ence of the modulation on the bandwidth is illustrated in Fig. 4
(=20 dB) in the range of 12-16 GHz afti< 0.1% (—30 dB) by two examples of simple single-layer filters of fixed thickness
in the range of 13.0-14.9 GHz. A change in grating peridd = 0.67 cm) and grating periodX = 1.61 cm) at central fre-
shifts the resonance wavelength approximately linearly withifuencies close to 14 GHz. A narrow-band filter response [see
the low-reflectance spectral region with insignificant changésg. 4(a)] is obtained with the grating made of Plexiglag &
in the filter line shape or sideband reflectance. A grating p8-59) and polystyrenes;, = 2.54) resulting in a modulation of
riod A = 1.3 cm generates the TE and TM polarization spectrdye = e — €5, = 0.05, a central frequency ~ 13.74 GHz,
response illustrated in Fig. 3. The TM and TE resonances typird a linewidth (full width at half maximumjy ~ 1.5 MHz. A
cally have similar sideband reflectance, but different frequentgrger modulation achieved with alternating bars of glass lam-
location, linewidth, and line shape. Thus, this structure is moiate €z = 3.0) and Teflon ¢, = 2.05) yields a modula-
robust parametrically than the single-layer waveguide gratitign of Ae = 0.95, a center wavelength ~ 14 GHz, and a
since a slight change in one grating parameter has a reducediéér linewidth A ~ 162.4 MHz. The sideband reflectance of
fect on the filter response. Almost identical filter characteristidggese filters can be reduced by adding layers with AR design, as
can be obtained with the grating being contained in the secondiemonstrated by the previous three-layer example.
third layer, provided that the AR condition is satisfied [9]. Mul- An important advantage in the microwave spectral region is
tiple-layer filters allow for a greater flexibility in the choice ofprovided by the possibility of placing a grating in air and using
dielectric constants to achieve desired filter parameters as watl as the low dielectric-constant mediuay, (= 1.0) as well as

I1l. REFLECTION FILTERS
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Fig. 4. Single-layer guided-mode resonance reflection filters with: (&)ig- 6. Dual-line reflection filter response. The structure has three layers with

narrow-line (center frequency: ~ 13.7 GHz, linewidth:Arv = 1.56 MHz)

and (b) broad-band response (center frequencys 14.0 GHz, linewidth:
Avr = 163 MHz). The dielectric constants are; = 2.59 (Plexiglas) and
£ = 2.54 (polystyrene) for the narrow-line filter and;; = 3.0 (glass

two gratings in the first and third layers. The parameters afe= 2.95 cm,

1\2 = 3.0 CM,eg 1 =€, 3= 2.59,61”1 =Ep =€Ep,3=Eg =Eg = 1.0,
dy = d3 = 2.58 cm, andd,; = 5.2 cm. Guided-mode resonance peaks are at
frequencies/; = 8.65 GHz andv, = 8.78 GHz.

laminate) andt; = 2.05 (Teflon) for the broad-band filter. Both structures
have a grating periodA = 1.61 cm, a thicknessd = 0.67 cm, and air as

cover and substrate mediugy; = £ = 1.0. lating one-half of the grating with respect to the other. Fig. 5
(¢ = «/6) illustrates the spectral response of such a two-layer

structure withr /6 shifted gratings. The resonance is broadened

15 T
0.9 to Av = 24.4 MHz and slightly shifted in frequency. Other
0‘8_3 D=0 values of the phase shift lead to a split-peak resonance caused
] by the different coupling conditions of thel and—1 diffracted
B 0.7 orders to the waveguide modes of the device. At a certain value
Z 0.6 of the phase shift that depends on the waveguide-grating param-
E) 0.5—? eters (in this case/6), the two peaks merge into a broadened
= 0.4 reflectance peak. Considering a weakly modulated corrugated
03_5 waveguide, Avrutskyet al. found that, for a particular spatial
] phase shift, the reflected wave was nearly extinguished [17].
0.2 New possibilities emerge by use of structures with gratings
0.17 of different periods in successive layers. For instance, a device
) e e with two gratings of slightly different periods in the three-layer
8 818283 84 8586878889 9 geometry shown in the inset of Fig. 6 can act as a double-line

FREQUENCY (GHz) filter at normal incidence with the center frequencies de-
termined by the resonances of the individual single-layer
Fig. 5-1 ,Singﬁle-'flyt?flfesponﬁe r?‘f igui?Ed-WOde fesonang? filter igcaiﬁ( waveguide gratings. The buffer layer placed between the
and air a6 & low delectrio medium{ = 1.0). The period i1 3.0 om ang WO gratings should be thick enough to weaken the coupling
thickness! = 2.58 cm. The dotted curve shows the reflectance of the two-layd¥etween the evanescent waves of the two gratings. Fig. 6 shows
structure obtained by shifting half of the gratingy6 with respect to the other the response of a three-layer device using two Plexiglas/air
half, as shown in the inset. . . . .

gratings of different periods separated by an air-gap buffer. The

difference between the two grating periodsNd = 0.05 cm,
the surrounding mediuneg = es = 1). Fig. 5 (With® = 0)  exhibiting nearly 100% reflection peaks with a frequency
shows a single-layer waveguide-grating filter made of Plexiglagference between them of 126.6 MHz (corresponding to a
bars € = 2.59) in air. This periodic set of rectangular bars hagavelength difference of 0.05 cm). The frequency difference
a large modulation as well as a large dielectric-constant diffefetween the two peaks can be adjusted by changing the periods
ence between the grating region and the substrate. The gra@ifighe gratings. For small grating period difference, resulting
with a pel’iod ofA = 3.0 cm generates a resonance at the fl’% part'y Over|apping resonance peakS, this approach can
quencyr = 8.65 GHz with a bandwidthAr = 8 MHz. Larger aiso provide yet another linewidth-broadening mechanism.
or smaller bandwidths can be obtained with larger or smaller dipwever, this may also lead to a distorted filter line shape.
electric constant materials, respectively.

The linewidths of guided-mode resonance filters are limited
by the available low-loss microwave materials with the highest
dielectric constants. Further increase in linewidth can be accomTransmission filters can be obtained by superimposing
plished with spatially phase-shifted gratings obtained by trarthie resonance of a waveguide grating on the high-reflectance

IV. TRANSMISSION FILTERS
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1 order diffracted waves) at 18.98 GHz. Arbitrarily small side-
0.9 band transmittance can be achieved with an increase in the
0.8 number of quarter-wave homogeneous layers. However, as the

@0 7_; structure thickness increases, additional modes can propagate

g in the equivalent homogeneous multilayer waveguide, thereby

< 0.6 decreasing the filter range.

g 0.5 New avenues for design of guided-mode resonance transmis-

2 0.4- sion filters are opened by structures containing highly modu-

5 0.3- lated thick gratingsd ~ A), with asymmetric fill factors { #

= 0.5). Such devices can yield high-efficiency transmission filters
0-25 with yet fewer layers [3], [4]. However, due to the high modu-
O-If lation of the grating, the average dielectric-constant approxima-

0T T T tion employed in the design of high-reflectance structures does
125 13 135 14 145 15 155 16 not hold as well. Therefore, unlike the previous transmission

FREQUENCY (GHz) filter example, the physical parameters of the layers are more

efficiently determined by an elaborate search procedure such as
Fig. 7. Guided-mode resonance transmission filter spectral response With(ﬂé}netic algorithm optimization [3
structure illustrated in the inset. The peak frequenay 48 14 GHz. The filter 9 P [ ]
parameters aret = 1.58 cm,ey,3 = 6.13 (E-glass)sr, s = 3.7 (silica),

g1 = €5 = 613,60 = €4 = € = g = 1.0,dy = ds = 0.22 cm,
& — d = 0.53 om. andds — 0.24 om. V. EXPERIMENTAL RESULTS

The filtering properties of waveguide gratings based on

response of a homogeneous multilayer structure [10],[13].Tf9§'deq'm0de resonances are expenmenta}lly demonstrated
{th single-layer and multilayer devices designed to operate

is achieved by replacing one or more high dielectric-constafl : A

layers of the high/low homogeneous quarter-wave stack wi reflectlon or tran_smlssmn f|_|ters. Spectral measurements o_f
gratings of approximately equal average dielectric constantt vazs\e/?%:i't?]e{g;agggj triﬁ?jsn;r';aer;c?n aFrie m8adAe 'Taig_igiszglc
maintain the low off-resonance transmittance of the devi P g. . AP

S eflon lens, with a diameteb = 35.6 cm and focal length
The resonances that were used to generate reflection filters ré ! . " . .
g = 121.9 cm, is positioned with the flat side toward the

now forced by the HR design to produce transmission filters.(ﬁ( nsmitter horn antenna, at a distance from the transmitter

higher difference between dielectric constants of the successi .
eequal to the lens focal length. Thus, an approximately planar

layers determines a larger width of the low-transmittanc vefront is incident on the waveauide arating. A second

spectral region affecting the free spectral range of the filtels ) . vey 9 9- )

An increased ratio between high and low average dielectf] icrowave lens, identical to the first, focuses the transmitted
roth-order diffracted wave on the receiver horn antenna

constants of the quarter-wave stack also implies fewer Iayersiz% ted in the focal plane of the lens. The transmitted power is

achieve the same sideband transmittance. Since materials With. . -
relatively high dielectric constants are available at microwa rggal\s/llged Ln the spe_c_:tral gigg%c’f 4_2.0 GH_?hm mcrem_ents of
frequencies and air can be used effectively as the low-dielect i*c,[h Z dt (ijs a%qumng f.ﬁ‘ta _pmgis._ debtransmlttlgnce
constant medium, high-efficiency transmission filters wit € guided-mode resonance filter IS obtained by normaiizing

few layers and low sideband transmittance can be designt L mcl)S\:g\rN?evfeiF\)/ de&imiﬁfl&zzdﬁmtrh _trf;]ee Srzwpmcgazlfr'eg ‘(’jvgtha
Single-grating transmission filters can be obtained with P :

dielectric multilayer mirror on each side of the grating [13].Contains rapidly varying o_scillations due to interferen_ce effects
Fig. 7 shows an example of a five-layer transmission filter ggurs]edbby mul'#rr)]le refflectlons kt;et\(veen comp(r)]nents n t_he patr|1
v ~ 14 GHz with the structure illustrated in the inset usiné’ the eamd eretore, tr? %taln _ahshmoor;[ er e_xplerlmg_ntad
E-glass £ = 6.13) and silica £ = 3.7) as grating materials. All esponse and to cqmparet € at‘.i with the t goretlca pre 'Ct.e
spectral characteristics, each filter transmittance value is

layers are quarter-wave thick at the frequency: 14 GHz to ; . . .
obtain a high reflectance at frequencies away from resonanreé:)Iaced with the average transmittance of 20 neighboring

The filter bandwidth isArv = 45 MHz. As in the case of re- ﬁequency points.

flection filters, the bandwidth of the transmission filters can be ) )

made narrower or broader by forming the grating with materiafs Reflection Filters

having a smaller or higher difference between the dielectric A single-layer guided-mode resonance device has been fab-
constants within a period of a waveguide grating. The filteicated with rectangular Plexiglas bars in air forming a grating
range of guided-mode resonance transmission filters is limitadth periodA = 3.0 cm, fill factor f = 0.5, and thicknesg =

by peaks due to other resonating modes and by the range ofat& cm. The spectral response of this device, measured with
high-reflectance spectral region of the multilayer structure. Ftre setup of Fig. 8, exhibits a reflection peak at the waveguide-
example, with the response of Fig. 7, the waveguide suppogtgting resonance frequency corresponding to a sharp notch in
three TE modes with the peak at 14 GHz caused by couplingtb& high-transmittance region. Fig. 9 compares the calculated
the evanescent diffracted waves to tHE, waveguide mode. response using rigorous coupled-wave analysis with the exper-
The filter range is limited by th&'E; resonance at 11.94 GHzimentally measured frequency dependence of the transmittance
and by a Rayleigh anomaly (produced by the onset of highler a TE-polarized incident wave. The dielectric constant and
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Fig. 9. Calculated and measured transmittance notches due to guided-nfeige 10. Theoretical and experimental transmittance of the single-layer
resonances occurring in a single-layer Plexiglas/air waveguide grating foPkexiglas/air waveguide grating of Fig. 9 for a TM-polarized incident wave.
TE-polarized incident wave. The grating periodis= 3.0 cm, the fill factor

f = 0.5, the thicknesgl = 0.87 cm, and the dielectric constants arg =

2.59, e = ec = eg = 1.0. The calculated plot was obtained with a losgtjons, is shown in Fig. 10 for a TM-polarized incident wave.
tangentand = 0.0067, and an incident anglé = 1°. A TM-polarization guided-mode resonance was measured at
the frequency of 9.30 GHz, in excellent agreement with the
loss tangent used in calculations are= 2.59, andtané = theoretically calculated value of 9.29 GHz.
0.0067, respectively [20]. Assuming an incident angle of the In both polarization cases, the measured transmittance values
plane waves on the structure,= 1°, the two notches in the at resonance are higher than the theoretical predictions. This
transmittance curve observed in the experimental data at foan be explained in part by the imperfect collimation of the mi-
guencies 8.70 and 9.20 GHz are closely matched by the tleeswave beam with a divergence that exceeds the angular aper-
oretical calculations that yield resonance frequencies 8.74 ance of the device. The angular components of a diverging beam
9.24 GHz, respectively. The splitting of the guided-mode regenerate guided-mode resonances at slightly different frequen-
onance, visible in Fig. 9, is due to asymmetry arising in cowies, thus contributing to the decrease of the filter efficiency.
pling of the+1 and—1 evanescent diffracted orders to the leakyhe discrepancy between the theoretical and experimental res-
modes of the waveguide as the angle of incidence shifts an@yance transmittance is more pronounced in the case of TM po-
from zero. Thus, at nonnormal incidence, the resonances cotegization, which is due, in part, to the narrower linewidth and
sponding to thet-1 and—1 diffracted orders occur at differentangular aperture in comparison with the TE guided-mode res-
frequencies. The coupling efficiencies of the incident wave tinances. Thus, the calculated angular widths@&tdB) of the
the corresponding leaky modes with opposite directions of prapansmittance notches atefrr = 7.3° for the TE-polariza-
agation are different, causing unequal linewidths and transntibn case and\fry; = 0.25° for the TM-polarization case. The
tance values in the resonance notches. guided-mode resonance frequency varies with changes in ge-
The theoretical and experimental spectral response of thmetrical parameters or dielectric constants of the waveguide
same Plexiglas structure, under identical experimental condratings. Therefore, variations of the dielectric constants and
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0 TE polarized incident wave and the spectral response measured
] with the experimental setup shown in Fig. 8. A TM-polariza-
-5 tion guided-mode resonance peak, predicted theoretically at
g-lo—- v = 13.87 GHz to exhibit significantly smaller linewidth and
o angular aperture, was not observed experimentally. The grating
% 154 period used in the calculation of Fig. 1A & 2.03 cm) is the
SR average value determined through measurement on the wave-
S -20 guide grating after assembly. A thickness of the fiberglass layer
2 ] d = 0.31 cm and a loss tangent valuené = 0.01 were used
E'ZST to yield the close fit between the theory and measurements.
230 Guided-mode resonance transmission peaks are determined
: experimentally (after smoothing the curve by averaging
35— : T over 20 neighboring points) at frequencies= 10.50 GHz
4 6 8 10 12 14 16 18 20 andr = 14.51 GHz; the theoretically predicted values are

FREQUENCY (GHz) v = 10.50 GHz, andr = 14.34 GHz, respectively. Trans-
mission notches accompanying each guided-mode resonance
Fig. 11. Theoretical and experimental spectral response of a Gpeak are measured at frequencies and with transmittance values
fiberglass and air waveguide grating exhibiting guided-mode resonangkyse to the theoretical predictions. The split notch visible in
Sfa:ks('ijiedfa;a?gtleg%’o(flzﬂf e ?rﬁ;ff;m: T =% the experimental data is caused by a small nonzero angle of
ander ; = € = 25 = ¢¢ = 5 = 1.0. A value for the loss tangent incidence on the device, which has not been accounted for in the
tané = 0.01 ‘fNaSt?uscfigré”idﬁzzztigﬁe E*:]Z dfessliczeg%vtehéﬁﬁ;ee?egi ttifeoretical calculations given for normal incidence. The lower
:Laengglt?ni]nf:p(l)aciz by a homogeneous Iayerwit% dielectric constarz.75. vﬂt}?perlmental pea!( transr_mttances c_:ompared to_ the_ calculated
values can be attributed, in part (as in the reflection filter case),
to the phase curvature of the incident beam, to the sensitivity
geometrical parameters (thicknesses, grating period, fill factefj) the resonance frequencies to waveguide grating parameter
across the device may also contribute to decrease in filter e{fyriations across the device, and to the finite-size effect (the
ciency. Yet another factor that can affect the filter efficiency angicrowave beam covers 18 periods here) of the device.
lead to deviations from the theoretical data is the interaction oftpe presence of guided-mode transmission resonances is
the nonplanar incident wave with a limited number of gratingmphasized by comparison of the G10 waveguide grating
periods (12 periods) of this waveguide grating while the theogpectral response with the transmittance of an identical struc-
assumes an infinite structure and infinite number of periods. tyre with the grating replaced by a homogeneous layer with
dielectric constant equal to the average dielectric constant of
B. Transmission Filters the grating (Fig. 11). The spectral response of the structure

The concept of transmission guided-mode resonance fiPntaining only homogeneous layers (dashed curve) possesses
ters discussed in Section IV is demonstrated with five-layérhigh-reflectance spectral region similar to the transmittance
waveguide gratings employing G10 fiberglass as the high @urve of the waveguide grating, except for the peaks and
electric-constant material and air as the low dielectric-constdifttches due to the guided-mode resonances.
medium, for both the homogeneous layers as well as for the
grating layer. The devices, with the cross section illustrated in
the inset of Fig. 11, consist of a grating formed with rectangular VI. CONCLUSION
bars of G10 fiberglass equally spaced in air and homogeneous
G10 sheets placed on each side of the grating as shown. ThResonances in all-dielectric waveguide gratings can be
thicknesses of the G10 sheets and air gaps between the gratisgd to implement reflection and transmission filters in the
and the G10 sheets are chosen to be equal to a quarter-wawierowave spectral range. By merging concepts of diffraction,
length at the central frequency of the filter, thus providing theaveguides, and thin-film electromagnetics, a wide variety
low transmittance sidebands required for a transmission filtef reflection and transmission filters can be designed with
design. The waveguide grating with the response illustratedspecified filter characteristics, including center frequency,
Fig. 11 has G10 sheet thicknedss= 0.317 cm with +0.03-cm linewidth, and sidebands.
variation according to manufacturer's specification. This In this paper, it is theoretically shown that reflection and
thickness is equal to a quarter-wavelength at the frequertcgnsmission filters with high efficiency and low sidebands can
v = 11.14 GHz (for a refractive index of G10 fiberglassbe obtained by embedding a grating in an AR or HR design,
n = 2.12 [21]). The high-reflectance design is accomplisherkspectively. Calculated reflection filter examples using prac-
with air-gap thicknesses between the grating and the Gfi€al materials illustrate how the linewidth can be controlled by
homogeneous sheets twice as thick as the G10 layers. Thedifying the grating modulation and the sideband reflection
grating period 4 = 2.0 £ 0.05 cm) is selected to generate acan be reduced by improving the AR design of a waveguide
guided-mode resonance within the high-reflectance spectgaating with additional homogeneous layers. Phase-shifted
range of the structure. Fig. 11 demonstrates an excellent agmgextings are introduced as a new method to increase the
ment between the theoretically calculated transmittance fotimewidth of a guided-mode resonance reflection filter with
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