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Abstract—A system of dielectric layers imprinted with
a transverse lattice of planar metallic scatterers and stacked
monolithically along the longitudinal direction of a rectangular
waveguide is examined in this paper. This monolithically con-
structed photonic crystal exhibits valuable filtering properties.
The resulting optimized filters are inexpensive to fabricate because
the building block (printed layer) is ideal for mass production.
The complete filter contains no air gaps (monolithic) and can be
modularly built up, or reconfigured, by simple stacking requiring
no adhesives (modular). The filter response is designed using
our analytical expressions and fast software, as well as using
commercial software such as HFSS. A comparison of the two
design methods shows that our approach is five orders of mag-
nitude faster than HFSS and significantly reduces the memory
requirements. Prototype measurements in the -band show
excellent agreement with predictions of our design method. Opti-
mized designs displaying reduced size, extremely flat passbands
(0.25 dB), and great isolation ( 100 dB) are also presented.

Index Terms—Filter, photonic-bandgap material, waveguide.

I. INTRODUCTION

T RADITIONAL microwave waveguide filters are based on
a lumped-element analysis and optimization [1]–[3]. The

analysis presupposes individual scatterers localized inside the
waveguide volume. A transmission line is built up of scatterers
that are sufficiently spread out so that higher order scattering
modes do not interact. The corresponding lumped description
of the scattering can be successfully translated into higher fre-
quencies through transmission-line theory. Close spacing of the
individual scatterers implies higher mode coupling, resulting in
evanescent mode filters that exhibit smaller size, broader band-
width, and low loss [4]–[6]. Recently, single and coupled res-
onators have been analyzed rigorously in terms of a full-wave
electromagnetic (EM) approach [7]–[11]. Practical realizations
involve scattering discontinuities like posts, metallic irises, or
dielectric elements.

While traditional design procedures are very robust, if the lo-
calized scatterer is of appropriate (small) electrical size, they
usually require successive scatterers to be spread out along the
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Fig. 1. Printed metalodielectric PBG filter press fit in a rectangular waveguide.

propagation direction. Further, since the scatterers are not al-
ways symmetric on the transverse plane, each filter section pro-
duces ripple in the passbands, which can be suppressed with
a considerable number of sections, and these circumstances re-
sult in large filter lengths. This traditional approach excludes the
analysis of scatterers that are embedded symmetrically along the
transverse guide plane, within a high-permittivity host dielectric
[12], [13]. These configurations however, may have interesting
and competitive filtering properties that might produce better
and more compact filters, and this is the motivation of this paper.

In this paper, we propose a novel filter architecture, where the
basic building block of the filter is a dielectric layer printed with
a periodic two-dimensional (2-D) lattice of planar metallic scat-
terers. The resulting layer is then press fit inside the waveguide,
or framed within a conformal metallic bezel, as shown in Fig. 1.
This insertion, even though physically representing a finite lat-
tice composed of few printed elements, is electromagnetically
equivalent to an infinite transverse lattice, due to the reflections
on the guide wall. To be conformal with these reflections, we
will only examine orthogonal transverse lattices, cut along sym-
metry planes only. The basic building block is, therefore, equiv-
alent to a 2-D photonic crystal, or photonic bandgap (PBG) ma-
terial [14], [15]. Reconstruction of the filter in the-direction is
achieved through transfer-matrix analysis.

The organization of this paper is as follows. In Section II,
we present formulas that reduce the calculation of the filter re-
sponse under waveguide excitations to that of plane waves. In
Section III, an analytical calculation of the printed multilayer re-
sponse in terms of the shunt susceptance of a single embedded
planar array of printed elements is presented, including high-
frequency radiative corrections to the Bethe small-hole theory.
The calculation is valid for an arbitrary number of printed
layers, inside the guide walls, for any and modes.

0018–9480/01$10.00 © 2001 IEEE
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The corresponding design formulas are fully analytical and re-
quire negligible computer time to produce predictions (typically
10 data points/real seconds on an HP workstation). The per-
formance of our approach is compared with the multiple fre-
quency-sweep runs of commercial codes like HFSS, where each
run lasts typically 8–10 h, producing just one resonance in a
multiply resonant frequency range. In Section IV, we describe
our experiments, using nonoptimized designs in order to both,
validate our approach, and show the general characteristics of
the filter response under excitation. The measurements
are in excellent agreement with our analytical theory. We further
show the theoretical response of an optimized filter configura-
tion, designed for a flat-passband -mode filter. We achieve
deep isolation and extremely flat passbands, including realistic
material loss. We further provide HFSS simulations of the op-
timized filter response, which also are in excellent agreement
with our analytical treatment. Finally, in Section IV, we summa-
rize our conclusions and point out that this system is also suited
for harmonic extraction or rejection of higher modes within their
propagating bands.

II. WAVEGUIDE FILTER RESPONSEDERIVED FROM

PLANE-WAVE INCIDENCE

Given that the building block of our filter is a transverse
printed lattice of infinite extent (due to the images), immersed
in a homogeneous dielectric, its EM response under any guide
mode excitation can be derived through the corresponding
response for plane-wave incidence. This approach automati-
cally satisfies energy conservation and, therefore, avoids the
subtle complications arising from a network approach. We
demonstrate this for all TE modes.

The guide modes normalized to an arbitrary constant
may be written as

(1)

where

(2)

where

(3)

The modes in (1)–(3) can be written as the plane-wave superpo-
sition

(4)

where the unit polarization vectors and unit wave vectors
are given as

(5)

and the spherical angles are given by

(6)

Notice in (5) that the polarization pairs , and
are antiparallel, while all four partial waves are

transverse, i.e., .
For single-index TE modes ( ), the polar angle

and the plane of incidence of the plane waves in (4) is oriented
along the symmetry planes of the photonic crystal. Further, the
reflection and transmission coefficients are also invariant under

. Hence, all plane waves in (4) have a common
reflection and transmission coefficient, which are the same as
those of a TE-polarized plane wave under incidence angle,
i.e.,

(7)

Strictly speaking, this result does not hold for double-index
modes ( ) because then and the cor-
responding plane of incidence is tilted with respect to the

– -plane, which is a symmetry plane of the photonic crystal.
In that case, partial-wave analysis of the incident plane waves
into a component set respecting the symmetry has to be per-
formed first. Practically, conclusions based on (7) will still be
valid for these modes provided the transverse lattice and printed
element size are small enough so that the lattice interaction
constants are negligible. In this paper, we only examine the
dominant mode and, therefore, we will not elaborate on
this point further.

A similar result holds for the modes, i.e.,

(8)

III. REFLECTION AND TRANSMISSION FROM PRINTED

LAYERS

In this section, we summarize the EM response of an arbi-
trary number of stacked dielectric layers, each printed with
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the same transverse orthogonal lattice of metallization. For con-
venience, the multilayer response is first presented in general,
in terms of the shunt susceptance of the basic metallization, and
then the shunt susceptance for a particular metallization will be
described.

A. Stacked Metallized Multilayer in the Waveguide Aperture

According to the previous section, the expressions providing
the reflection and transmission coefficients for the multilayer
inserted inside the waveguide are those derived for oblique
plane-wave incidence if we make the following substitution:

plane-wave incidence (9)

Further, TE/TM plane-wave incidence corresponds to
guide mode excitations. The reflection and

transmission can be written in compact form for either excita-
tion by introducing the index .
For the reflection coefficient off the -layer multilayer of
Fig. 2, we have [16]–[18] (10) and (11),1 shown at the bottom
of this page, where

(12)

In the above, the relative wave impedances for TE or TM
modes in the regions air, dielectric are

(13)

1These formulas are generalizations of the ones for normal incidence derived
in [18]

Fig. 2. Plane-wave incidence on PBG material made of PEC disks embedded
in a dielectric host. The incidence angle equals the waveguide angle� .

where, for nonmagnetic host

(14)

and the mode angle inside the dielectric is given by Snell’s law

(15)

Further, is the surface susceptance of the 2-D planar array of
scatterers embedded within the host dielectric.

B. Shunt Susceptance of a Planar Periodic Metallization

The final ingredient to be supplied for the filter response is
the calculation for the shunt susceptance of asingleplanar lat-

(10)

(11)
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tice of printed metallic elements, immersed in the host dielec-
tric. In this paper, we will consider printed disks of fairly large
diameter.

For a general TE plane-wave incidence, corresponding
through (9) to a waveguide mode, and denoted by the
excitation field , we can follow the approach of [19] and
write the effect of this array as a shunt susceptance that
is connected with the reflection coefficient of the corresponding
standing-wave mode by

(16)

The normal modes of the single planar array are found by
solving Maxwell’s equations for 2-D unit cell composed of two
perfect electric conductor (PEC) [perfect magnetic conductor
(PMC)] walls along the boundaries perpendicular to the
( )-field, for TE (TM) polarization, along with two periodic
boundary conditions (PBCs) walls perpendicular to the above,
satisfying Floquet’s theorem. This is a waveguiding structure
problem pertaining to the symmetries of the transverse unit cell
under plane-wave incidence, and the resulting modes should
not be confused with those of the actual rectangular waveguide.

Applying the reciprocity theorem, we find for the reflected
field

(17)

the result

(18)

where and is the total impressed current density on
the illuminated side of the disk, which is, in general, a function
of the excitation, i.e., . The shunt susceptanceis
given as

(19)

where it is understood that only real terms on the right-hand side
of (19) (imaginary terms in the current) will be included in .

To compute the reflection coefficient, some solution to the
scattering problem that provides the currentmustbe provided.
In this paper, we will use an analytical expression for the disk
current [20] of the form

(20)

where the functions are dimen-
sionless perturbative expansions of, obtained from succes-
sive derivatives of the incident field on a single disk inside a

transverse unit cell. Expressions for these derivative expansions
can be found in [20].

Substituting (20) into (18) and Taylor expanding the expo-
nential, we obtain

(21)

where is the Euler Beta function. This expression
provides the shunt susceptance as a perturbative expansion in
electrical disk size to a degree of accuracy commensurate
with the order (in ) up to which the functions ,

have been calculated. We note here that a given
power in for the final current integral (21) does not uniquely
correspond to a specific multipole order. Due to the series
product in (21), the maximum power in to which this
integral is truncated involves mixing of lower order multipoles
and higher order multipoles, which we will demonstrate below.
In our opinion, the expansion of (21) should be considered as
asymptotic, rather than convergent.

In this paper, we will include the leading order (LO) and
next-to-leading order (NLO) for the current integral. We have
calculated the following necessary functions, up to ,
using Eggimann’s formulas:

(22)

(23)

(24)

(25)

(26)
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Keeping terms in the Taylor expansion of the exponential
(multipole expansion) consistently up to , we have

(27)

The rest of the terms, to be included for consistency at this order,
are

(28)

(29)

and

(30)

From (18), we obtain the shunt susceptance as

(31)

We can separate the above expression in two parts. The two
terms of the LO contribution

(32)

correspond respectively to the point-like electric and magnetic
dipole contributions. If increased accuracy is desired, the lat-
tice interaction constants for the point dipole (PD) contributions
may be included, and this is what we will implement in this
paper. We, therefore, perform the substitution

(33)

where are the lattice interaction constants, accounting
for the interactions of the electric and magnetic PDs in the trans-
verse infinite lattice. These interaction constants have been cal-
culated in [21] and are summarized in the Appendix. The final
expression giving the total shunt susceptance, including NLO
contributions, is a combination of (33) and (31) as follows:

(34)

It will be noticed that (34) contains lattice interaction constants
for the point-like dipole part of the disk current, while the higher
order corrections are directly included from the disk current and

Fig. 3. (a) Setup for permittivity measurement of host dielectric. (b)
Theoretical (thin solid) and experimental (heavy solid) plots of the reflected
power.

do not further recognize existence of the lattice. To the best of
our knowledge, lattice interactions for higher multipoles or for
the frequency-dependent form factors of the dipoles themselves
have never been calculated, nor is it clear that they can be mean-
ingfully defined. We anticipate that our formulas can be very
accurate for medium disk sizes, but will start braking down as
the printed implants start touching each other. Ultimately, the
range of validity of the above formulas depends on the accuracy
required and, for implants of significant size, should be com-
pared to numerical methods. Full-wave codes, however, have
their own convergence and accuracy limitations, in addition to
being very CPU time consuming. Experiments are certainly the
most direct approach for validating both our method and the de-
sign possibilities it offers. In the following section, we turn to
a double comparison of our theory with both experiments and
full-wave HFSS simulations.

In this paper, we will examine the filtering behavior of the
printed layers for the dominant waveguide mode only .

C. Fabrication and Measurements

We have selected a -band waveguide to perform the exper-
iments, with standard dimensions cm. The cor-
responding dominant-mode frequency band for the mode
is

(35)
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Fig. 4. (a) Measurement of one printed PBG layer inserted in the waveguide.
(b) Theoretical (thin solid) and experimental (heavy solid) plots of the reflected
power.

For the layer thickness, we have selected cm,
which provides a longitudinal PBG in the second half of the
main-mode band. This design is not sufficiently fine tuned to
guarantee optimum filtering characteristics of the system, but
it intends to validate the theory and, at the same time, present
all the details of the EM propagation of the main mode through
the filter.

The measurements were calibrated by a “response” cali-
bration procedure, where each empty piece of waveguide was
considered in conjunction with the calibration standards. This
way, the reflection coefficients up to the filter interface are
directly measured. For increased accuracy, we have divided
the frequency range into two independently calibrated ranges,
meeting at 32 GHz. Further, we have gated the results during
calibration, and further fine tuned the gating during measure-
ments of the structures, using as a guideline the smooth joining
of the responses at 32 GHz. This latter amount of gating was,
in all cases, either very minimal or unnecessary.

We first performed an experiment to accurately measure the
dielectric constant of the substrate at the frequency range of (35)
and for the actual temperature/humidity conditions of the exper-
iment. Setting in the formulas , we obtain an exact solution
for a homogeneous dielectric slab inserted in the waveguide of
thickness . For , one Fabry–Perot resonance is ex-
pected in the waveguide. Each layer has a measured thickness

mm, and the permittivity of the duroid we used was
rated by the manufacturer as . In Fig. 3,

Fig. 5. (a) Comparison between theoretical (thin solid) and experimental
(heavy solid) reflection forN = 3. (b) Same for transmission.

we fit the experimental resonance perfectly if we choose the di-
electric permittivity to be , which is at
the edge of the uncertainty value suggested by the manufacturer.
We will use this measured permittivity value, for all subsequent
comparisons with experiments. Strictly speaking, the position
of the resonance in Fig. 3 fixes the product , but since the
thickness has been measured at two significant digits (in mil-
limeters), any additional uncertainty inshould be thought of
as absorbed in the determination of.

The basic building block of the filter is shown in Fig. 4. The
metallization is embedded within the host dielectric layer, but
in our experiment, we used two half-thickness layers to recreate
this section: one metallized and one completely etched. Fur-
ther, for all the experiments reported in this paper, layers were
stacked and press fit at the end of one waveguide section, with
no adhesive in between. The transverse unit cell has been chosen
square and a 3 6 lattice of disks was actually printed with as-
pect ratios and , as shown in Fig. 4.
The aspect ratio was measured after etching, thus,
over etching has been accounted for (the mask was designed
with ). We see that the measurements are in excellent
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Fig. 6. (a) Comparison between theoretical (thin solid) and experimental
(heavy solid) reflection forN = 4. (b) Same for transmission.

agreement with our theory, and the resonance has been signif-
icantly shifted as a result of the scattering off the single lattice
of printed elements.

In Fig. 5, we show measurements and theoretical results for
, at excellent agreement to each other. The PBG is clearly

visible around 34 GHz, with 13-dB isolation, among distorted
Fabry–Perot resonances.

In Fig. 6, we show experimental and analytical results for
, again in very good agreement to each other. While the

number of Fabry–Perot oscillations increases with increasing
, the band gap remains fixed in frequency, and is by design

a property of the PBG material, not of the number of sections.

D. Optimized Passband Filters

After validating our theory by comparison to measured data
in the previous section, we now turn to the design of extremely
flat short passband waveguide filters using the printed PBG
layers. The physics of these layers is clear: for a fixed frequency
window, such as the one that corresponds to our-band
waveguide, high-frequency isolation is produced by the

Fig. 7. (a) Comparison between analytical (solid) and HFSS (dotted) reflection
for N = 2. (b) Same for transmission.

bandgap, which is deeper for increasing printed element size
and thinner printed layers. Positioning of the bandgap is due
mainly to the layer electrical thickness, with the end of the
first bandgap at . Flatness of the pass-
band depends on the element sizeor, alternatively and
the number of actual printed elements within the waveguide
mouth. It turns out that the printed layers have superb filtering
properties for fairly large disks, as we will report in this section.
We have not fabricated the optimized filters in this section, but
our theory was validated by the previous measurements. Further,
we compare our analytical predictions with HFSS simulations
of the same structure.

For the HFSS simulations, we have subdivided the printed
disks into 20-sided regular polygons, and the frequency domain
into frequency subdomains each containing a single reflection
resonance. It turns out that this allows us the maximum numer-
ical stability within our machine’s memory limits. Each simula-
tion over a limited frequency range of 5 GHz has taken approx-
imately 12 h (real time), a total of two days per plot.

In Fig. 7, we show the comparison for two printed layers of
the nonoptimized design. We see that the response is the same
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Fig. 8. (a) Comparison between analytical (solid) and HFSS (dotted) reflection
for N = 2. (b) Same for transmission.

for both analytical and HFSS predictions, but the HFSS has, for
this design, a shift in the resonances of 2%–3%. Given that this
design was also measured with excellent agreement to our an-
alytical calculation, we conclude that HFSS shows some inac-
curacy in positioning the resonancesfor the specific electrical
sizes involved. This may be due to the small size of printed el-
ements, which imposes an increased number of divisions in the
finite-element mesh, thus increasing the problem size and ulti-
mately affecting the result accuracy.

In Fig. 8, we increase the interaction between adjacent printed
layers by using a shorter thickness mm in a 3 6
transverse printed lattice of larger disks . We are
using and observe the beginning of the formation of a flat
passband. The bandgap on the right of the figure is deeper and
larger, “pushing” the Fabry–Perot reflection resonances close
together. We further see that, for these larger printed elements,
the agreement between our theory and HFSS is markedly better.

In Fig. 9, we show an optimized design with mm,
, and a transverse lattice of 2 4 disks, which

are, therefore, much larger. We see that agreement between our
theory and HFSS is excellent, except for the early reflection

Fig. 9. (a) Comparison between analytical (solid) and HFSS (dotted) reflection
for N = 2. (b) Same for transmission.

resonance at the high edge of the band. The disagreement may
be due to the truncation of our perturbative method to finite-
order multipoles. Further, since the disks are almost touching,
the mesh employed by HFSS may not capture the region be-
tween adjacent disks in sufficient detail. At any rate, the dis-
agreement is below the30-dB level and does not affect our
conclusions. We have used only two printed layers, but the re-
sulting structure is an excellent filter with deep isolation and
very flat passband.

In Fig. 10, we present the passband of the last design in detail,
which shows a completely flat response, of only 0.25-dB inser-
tion loss. The total length of the filter is mm, which, for

, is a tiny size (slightly smaller than the narrow guide di-
mension) given its performance. Obviously, the main advantage
of the filter performance is the flat passband and the deep iso-
lation created with a very small number of layers. Electrically,
each layer is still a dielectric half-wavelength, but the perfor-
mance characteristics are due to the completely distributed and
highly symmetric nature of the scatterers.

Notice further the transition from Fig. 8 to that of the optimum
filter of Fig. 9 is realized without increasing the length of the
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Fig. 10. Flat passband of optimized filter for two layers: Analytical (solid) and
HFSS (dotted).

Fig. 11. Passband filter characteristics as a function of printed layer number
N .

filter, but by simply increasing the electrical size of the printed
elements, a design option that is of no extra cost.

In Fig. 11, we present the filtering characteristics of the pre-
vious design, as a function of sections. We see that the isola-
tion and slope increase very fast while the passband is main-
tained virtually without ripples. It is important to know that
the filter response is not periodic. As the frequency increases
(e.g., from 40 to 80 GHz), the printed layers behave increas-
ingly as lossy conductors and no further passbands are visible.
This tendency is evident in the quadratic increase in frequency
of the shunt susceptance (34) and signifies that the PBG mate-
rial evolves from a dielectric to a metallic phase.

An important application is the issue of designing
narrow-band waveguide filters, using the shortest and most
inexpensive structures possible. Using our printed PBG layers,
we can essentially narrow the passband by increasing the size

(to almost touching disks).

IV. CONCLUSION

We have developed a new class of filters that are compact
and of adjustable thickness (modular). They are multilayered

structures stacked along the propagating direction of the wave-
guide monolithically without air separation. Each layer consists
of a 2-D planar array of metallic elements printed on a low-loss
dielectric substrate. Reflection on the waveguide walls creates
a laterally infinite lattice, equivalent to a 2-D photonic crystal.
This planar periodicity and the PBG properties enhance the fre-
quency selectivity of each layer, thus creating a length reduction
compared to existing devices, while maintaining a low ripple
level. Production cost is maintained at low levels by applying
traditional photolithographic array printing.

We have presented a theoretical analysis of the filter response
based on the response of the corresponding laterally infinite
three-dimensional crystal to a TE or TM plane-wave excitation.
We have employed diffraction theory of circular disks to ex-
pand the analysis from the low-frequency limit for increasing
size of the metallic elements. Our approach has been validated
by experiments in the -band and been proven to be in good
agreement with numerical results obtained through HFSS. In
this sense, the theoretical method provides an extremely accu-
rate tool for the analysis and synthesis of this type of filters with
a huge computational advantage (1000 points/s). Moreover, our
approach may be readily generalized to any shape of metalliza-
tion other than the circular disk.

The range of potential of the structure covers frequency se-
lectivity in a single-plexing or multiplexing manner, as well as
harmonic extraction. It has been pointed out that the bandgap
location scales as and differs for each
waveguide harmonic since each mode corresponds to different

. At a particular frequency where two or more modes
propagate, it is possible to position the corresponding bandgaps
by an appropriate selection of the crystal geometry and con-
stitution. In this manner, one of the harmonics is extracted to
propagate while the others face a stopband. Furthermore, the
proposed structure performs independently of waveguide shape
and is scalable to any waveguide size and waveguide mode.

APPENDIX

The electric and magnetic point–dipole lattice interaction
constants have been calculated in [21]. The normalized electric
dipole constant is

(36)
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where is the modified Bessel function of the second kind,
and the propagation constants for the free-standing 2-D printed
implant lattice are

(37)
Similarly, the normalized magnetic dipole lattice constant is

(38)

where is Euler’s constant.
Concentrating on a square lattice , we can first use a

Taylor expansion for the Bessel functions

(39)

(40)

where we have used the formula

(41)
Further, the double sums in (36) and (38) can be approximated
by their leading term only since the Bessel functions

, , and are extremely suppressed for larger arguments.
The final result is

(42)

and

(43)

The above formulas are to be readily substituted in (34) with the
numerical values

(44)
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