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Abstract—Extraordinary transmission through periodic distri-
butions of sub-wavelength holes made in opaque screens has been
demonstrated and exhaustively studied along the last decade. More
recently, extraordinary transmission has also been predicted and
experimentally observed through electrically small diaphragms lo-
cated inside hollow pipe waveguides. This last phenomenon cannot
be explained in terms of surface waves excited along the periodic
system (the so-called surface plasmon polaritons). Transverse res-
onances can be invoked, however, as a sound explanation for ex-
traordinary transmission in this kind of systems. In this paper,
a simple waveguide system, exhibiting exactly the same behavior
previously observed in periodic 2-D arrays of holes, is analyzed
in depth. Analogies and differences with the periodic case are dis-
cussed. The theoretical and experimental results reported in this
paper provide strong evidence in favor of the point of view empha-
sizing the concept of impedance matching versus surface wave ex-
citation. The role of material losses is discussed as an important
practical issue limiting the maximum achievable subwavelength
transmission level. Most of our conclusions can be applied to both
periodic arrays of holes and diaphragms in closed waveguides.

Index Terms—Circular waveguide discontinuities, extraordi-
nary transmission, impedance matching.

I. INTRODUCTION

T HE electromagnetic phenomenon known as extraordinary
(optical) transmission has been exhaustively studied by

many physicists and electrical engineers since its discovery at
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the optical frequency range [1]. Authoritative in-depth reviews
are available today [2]–[4]. In spite of the use of the word op-
tical, this enhanced frequency-selective transmission can be ob-
served at any frequency range [5]–[9]. In most situations, extra-
ordinary transmission is linked to either the existence of a pe-
riodic (or pseudoperiodic in the case of cylindrically symmet-
rical systems) perturbation of the region around an individual
sub-wavelength hole [10]–[13] or to the existence of a fully peri-
odic structure whose unit cell includes the sub-wavelength hole.
The phenomenon is also observed in 1-D periodic gratings in-
volving sub-wavelength slits [14]–[16]. Though any real system
is not completely periodic because of the limited size of the
diffraction grid and/or the illuminating spot (see, for instance,
the discussion in [17]), the fundamental physics of the phenom-
enon can be accurately accounted for by the study of an ideal
periodic system excited by a uniform plane wave. This, in turn,
can be reduced to the study of a single unit cell.

Currently, the dominant paradigm associates extraordinary
transmission with the ability of periodically structured surfaces
to support surface waves. These waves (named spoof plasmons)
mimic the behavior of optical surface plasmon polaritons sup-
ported by metal/dielectric interfaces [18]–[22]. However, some
researchers have reported extraordinary transmission through
periodic structures in cases for which the polarization pre-
cludes the excitation of surface plasmon polaritons [23]. Even
more relevant in the context of this paper is the prediction of
the existence of extraordinary transmission at microwave/mil-
limeter-wave frequencies through electrically small diaphragms
placed inside hollow pipe waveguides [24]–[29]. Experimental
evidence of this type of transmission has recently been reported
by the authors in [30]. In that paper, the authors experimentally
show how an off-centered diaphragm inside a circular cross-sec-
tion waveguide exhibits the same extraordinary phenomenon
previously studied in 2-D periodic arrays of holes. This result
was theoretically predicted in [24] using a mode-matching
analysis. It is apparent that surface plasmon polaritons do not
play any role in the hollow pipe waveguide situation. Instead of
surface waves, eigenmodes of the type discussed in [24], [29],
and [31] should be considered to be responsible for this extra-
ordinary transmission. This kind of resonances has also been
considered responsible of extraordinary transmission through
2-D arrays of holes in an early paper [32]. Recently, some of
the authors of this paper proposed an alternative paradigm to
explain extraordinary transmission phenomena through 2-D
[26] and 1-D [33] arrays of apertures. This approach leads to
simple circuit-like models whose parameters can be evaluated
with very small computational effort. The model lies on the

0018-9480/$26.00 © 2010 IEEE

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on June 04,2020 at 16:00:32 UTC from IEEE Xplore.  Restrictions apply. 



MEDINA et al.: STUDY OF EXTRAORDINARY TRANSMISSION IN CIRCULAR WAVEGUIDE SYSTEM 1533

concept of impedance matching (very familiar to microwave
engineers) rather than on the concept of intermediary surface
wave excitation. A first advantage of such a point of view is
that it provides a unified framework to explain extraordinary
transmission, not only through periodic arrays of apertures
(1-D or 2-D), but also through small diaphragms placed inside
closed waveguides. Another practical advantage of our pro-
posal is that circuit models have only a few parameters to be
determined. Some parameters are known in closed form (from
dimensions and electrical properties), while others can easily
be extracted from a few full-wave simulations. In some sense,
a circuit model can be viewed as an ad hoc reduced order
model, which, once the parameters are known, quickly gives
the wideband response of the structure. Moreover, with some
basic knowledge of circuit and waveguide theory, it is relatively
simple to predict the qualitative behavior of a new structure
without performing any involved computation.

In this paper, we will study in depth the transmission through
subwavelength off-centered rectangular and elliptical apertures
located inside a circular waveguide. Experimental and theoret-
ical results will show that this system behaves as previously
studied 2-D arrays of holes. In fact, the provided theoretical ex-
planation for the observed transmission spectra is the same for
both kind of systems. In our opinion, this analogy clearly sup-
ports the idea that the nature of the phenomenon could be more
general than previously suggested, in perfect agreement with the
point of view subscribed by the authors of [34], although using
rather different arguments. The structure under study will also
be used to analyze the significant influence of losses in this kind
of systems. This issue is very important because of its prac-
tical implications when the size of the aperture is small. The
effect of losses is theoretically anticipated using our conceptual
scheme and then experimentally demonstrated. The influence of
the thickness of the screen, and the nature of the fields around
critical frequencies, is also explored and discussed.

II. THIN DIAPHRAGM INSIDE A CLOSED

CIRCULAR WAVEGUIDE

In this section, we will focus on the study of a particular
waveguide discontinuity: an off-centered diaphragm inside a
hollow circular waveguide (see Fig. 1). The choice of a cir-
cular waveguide, rather than rectangular, is mainly motivated
by its close “modal” correspondence with the unit cell of a 2-D
periodic array of holes. The equivalent-circuit model for the
circular waveguide with a diaphragm will be shown to be al-
most identical to that used in [26]. In this section, we will first
study the simplest case: a lossless system with very small di-
aphragm thickness. Later, the equivalent circuit will be slightly
modified, adding a resistor, to account for losses. The qualita-
tive theoretical predictions will be compared with experimental
data, thus showing the strong impact of losses when the holes
are very small. The influence of the geometry of the hole will
also be briefly discussed by comparing a rectangular hole with
an elliptical one. The full-wave numerical data presented in this
paper have been computed by using either a homemade opti-
mized high-performance code based on mode matching (fol-
lowing the guidelines in [35] and [36]) or the commercial fi-

Fig. 1. (a) Rectangular and (b) elliptical diaphragms that have been placed in-
side a circular cross-section waveguide. Note that � denotes the distance be-
tween the centers of the waveguide and the hole. In our experiments, � �

���� mm, � � ��� mm, � � ��� mm (rectangular hole) or � � ���� mm,
� � ��� mm, � � ��� mm (elliptical hole). (c) Schematics of the disconti-
nuity problem studied in this paper using mode matching and circuit modeling.
(d) Experimental setup including coax to rectangular waveguide and rectan-
gular-to-circular waveguide transitions. (e) Detail of the two diaphragms em-
ployed.

nite-element electromagnetic solver High Frequency Structure
Simulator (HFSS).

A. Zero-Thickness Diaphragms: Statement of the Problem
and Basic Theory

The problem to be considered here is the possibility of total
(or enhanced) transmission of electromagnetic waves through
an electrically small aperture made in a thin metal plate that
covers the cross section of a circular waveguide (the thick case
will be treated later). Fig. 1 shows the schematics of the problem
and also the two different rectangular and elliptical diaphragms
used in our study. If an electromagnetic wave impinges on a
single sub-wavelength hole practiced in a flat metal screen, it
is clearly expected that the level of transmission through the
hole is low (this is the case for the diaphragm dimensions re-
ported in the caption to Fig. 1 and for frequencies below the
cutoff of the first higher order mode of the circular waveguide,
namely, 11.77 GHz). It is known from accepted extraordinary
transmission theory [3], [4], however, that periodically grouping
many of these sub-wavelength holes gives rise to high transmis-
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Fig. 2. (a) Equivalent circuit for very thin diaphragms in the circular wave-
guide (� stands for the angular frequency). (b) Equivalent circuit for arbitrary
thickness of the perforated plate (the inductances of the �-circuit depend on
the thickness � of the diaphragm). (c) Equivalent circuits used for even and odd
symmetry excitations. In these circuits, � � �� and � � �� ��� ���.

sion peaks observed at frequencies for which the wavelength is
larger, but close to, the period of the structure. Our question now
is if a similar effect takes place when the hole is located inside
a hollow waveguide. The theory based on excitation of spoof
surface plasmon polaritons cannot help us here because these
waves have no meaning in this context. However, the theories re-
ported in [26] and [24], [28], and [29] predict that extraordinary
transmission should also happen in this situation. The excitation
by the discontinuity of an evanescent near-cutoff TM mode of
the waveguide would provide the mechanism to achieve perfect
matching impedance, and thus, total transmission.

From the microwave engineer’s point of view, the problem
can be viewed as the textbook analysis of a diaphragm discon-
tinuity [37], [38]. The fundamental mode supported by
the circular waveguide impinges on the aperture and is scattered
back and forth. In particular, we will be interested in the reflec-
tion and transmission coefficients of that mode for frequencies
below the cutoff of higher order modes. In this frequency range,
higher order scattered modes will store the excess of electric
(TM modes) or magnetic (TE modes) energy around the dis-
continuity. This electromagnetic fact can be accounted for by
means of appropriately chosen capacitances and inductances in
an equivalent circuit model [37], [38], such as that shown in
Fig. 2(a) (which remains valid for finite, but small thicknesses,
such as in our case: mm). In this figure, the
mode propagating along the uniform circular waveguide sec-
tions at both sides of the discontinuity is represented by two
transmission lines. This equivalent circuit is very close to the
one used in [26] for periodic 2-D arrays of holes with the only
differences coming from the frequency-dependent behavior of
the characteristic impedance and propagation con-
stant of the transmission line used now.

In the present case, we deal with a dispersive waveguide
mode, while in [26], we dealt with a TEM nondispersive mode.
The values of and have been easily extracted from a

few frequency values of the numerically computed scattering
parameters, as shown in Appendix A. In [26], it was shown
that this model predicts extraordinary (total) transmission at a
frequency slightly below the cutoff frequency of the first higher
order TM mode supported by the relevant waveguide. The rele-
vant waveguide (unit cell) for normal incidence in [26] was an
ideal parallel-plate waveguide; the first higher order mode was

. The presence of the transmission peak was associated
with the singular behavior of [see Fig. 2(a)] near the cutoff
frequency of the mode [26, eqs. (2) and (3)]. The lack
of consideration of such behavior is, likely, one of the reasons
of the late discovery of the extraordinary transmission in the
microwave community. In the circular waveguide problem
under study, the mode providing the singular behavior of is
now the mode. The symmetry of the fields of this mode
(together with the symmetry of the impinging field pattern)
forces the use of off-centered holes ( in Fig. 1) to ensure
its excitation. If the same rationale used in [26] is applied
to the present problem, our equivalent-circuit model predicts
total transmission of electromagnetic waves—provided losses
are neglected—at some frequency below and near the cutoff
frequency of this mode. In [30], numerical and experi-
mental results are reported proving this fact. The experimental
results in [30], together with new theoretical simulations based
on mode matching and circuit theory, are shown in Fig. 3 (for
a description of the experimental setup, see Fig. 1(d) and [30,
Fig. 1]).

Note that a transmission maximum is observed at certain fre-
quency (11.42 GHz) that is well below the resonance frequency
expected for the isolated rectangular aperture (about 15 GHz).
This experimental frequency of the transmission maximum is
close and below the cutoff frequency of the mode (

GHz for the nominal dimensions of the employed cir-
cular waveguide, mm). As predicted by our model,
the transmission peak is immediately followed by a transmis-
sion dip at the cutoff frequency of mode ( becomes sin-
gular at that frequency). This transmission dip is the so-called
Rayleigh–Wood’s anomaly in the frame of the theory of periodic
gratings. The above behavior is the same reported in many pre-
vious papers for 2-D arrays of holes (experiments and simula-
tions). The reason for this analogy is that the underlying models
provided by our theory are very close for those, in principle,
physically different problems.

It was previously mentioned that the circular waveguide with
an off-centered diaphragm is a convenient geometry to illus-
trate the significance of our theory. This point might deserve
some additional clarification, and in particular, it should be clar-
ified why the rectangular (or square) waveguides proposed in
[31] or [28] have not been used. The first reason is that those
cross sections are not appropriate to clearly show our point that
impedance matching is an apparent physical fact different from
periodicity: the boundary conditions at rectangular (or square)
waveguide walls could be (theoretically) reproduced using suit-
able multiple plane-wave excitation of a periodic 2-D distribu-
tion of holes. Thus, it could be reasonably argued that no new
physics would appear in our approach. There is, however, an-
other important practical issue: the first higher order mode that
can be involved in extraordinary transmission in the rectangular
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Fig. 3. Extraordinary transmission with a rectangular hole: experiment (solid
line; black in online version) and theory (full-wave mode-matching results) with
nominal waveguide dimensions (dash dotted line; pink in online version) and
when slightly different circular cross-section waveguides, compatible with fab-
rication tolerances, are considered (dashed line; blue in online version). Circles
correspond to the circuit model predictions with parameters extracted from a
few full-wave points. (a) Transmission ��� �� and reflection ��� �� coeffi-
cients. (b) Detail of the transmission dip frequency region. Dimensions (in mil-
limeters) as in Fig. 1: � � ���� (nominal), � � ��, � � 	, � � �, � � ��
�.
� � ����, � � ���
 (assumed values of waveguide radii to account for the
two closely spaced transmission zeros).

(or square) section case is the mode (the mode is
used in [28] because the authors considered a centered hole).
Since there would always be two propagating modes below the
cutoff frequency of the mode, it had precluded the de-
sired single-mode operation regime because any small disconti-
nuity (including excitation probes) would have excited the two
propagating modes. In such a case, the interpretation of the re-
sults, and of the analogy with the original 2-D periodic problem,
would be rather difficult. A third positive feature of the use of
circular waveguide is that standard rectangular to circular sec-
tion transitions are available. Before performing experiments,
the whole system (coax-to-rectangular waveguide transitions,
rectangular to circular mode converters, and the circular wave-
guide sections) was tested for the possibility of spurious reflec-
tions. Very satisfactory return losses below 30 dB were mea-
sured in the absence of the diaphragm, which confirms the suit-
ability of the present setup for our purposes.

B. Transmission Dips

As already mentioned, the main results described above were
published in [30], where good agreement between experiments
and theory (mode matching and circuit modeling) was reported.
In the following, we will extend our previous research on this
topic and will present new phenomenology and discussions.

One of the new features come from the close observation of
the experimental transmission dips reported in [30, Fig. 2]. In
particular, it can be observed that instead of a single transmis-
sion dip, there are two closely spaced transmission dips. The
details of this part of the experimental transmission spectrum is
now reproduced in Fig. 3(b). In order to explain this unexpected
observation with our theory, we can argue that, in the case of
periodic structures, the waveguides assumed in our model at
both sides of the discontinuity are virtual and, therefore, they
are identical. However, the circular waveguides of our exper-
imental setup are unlikely identical (due to fabrication toler-
ances). Thus, the cutoff frequencies of the modes at both
sides of the diaphragm might be slightly different. According to
our theory, it implies that the capacitance at both sides of the dis-
continuity will be singular at two slightly different frequencies,
which would coincide with the cutoff frequencies of the
modes of the different circular waveguides: GHz
and GHz, respectively (labels used in Fig. 3(b) and
other subsequent figures). Between the two singular points, the
overall capacitance has large, but finite values. Therefore, our
model predicts that the waveguide radii of the two waveguide
sections at both sides of the diaphragm should actually be 9.73
and 9.71 mm, which is utterly within the fabrication tolerances.
When these radii are used in mode-matching simulations (blue
lines in online version of Fig. 3), the whole transmission spec-
trum is captured with excellent agreement. Fig. 3(a) also shows
that the slight discrepancy between experimental and theoret-
ical transmission peaks, corresponding to the nominal value of
, completely disappears in the new simulations. Since these

waveguides have been used in subsequent experiments, these
radii will be used in Section II-C.

C. Elliptical Aperture

In addition to the rectangular shape, an elliptical aperture
slightly larger than the rectangular one was built and measured.
The comparison between experimental results, mode matching
results, and circuit theory data are given in Fig. 4. Very good
agreement is found again between theory and experiment
provided the same circular waveguide radii used in Fig. 3
are used here. It can then be concluded that the circuit model
accurately accounts for the behavior of the aperture regardless
of its shape, provided this shape is relatively simple (complex
patterns such as Jerusalem crosses, fractal geometries, etc., are
clearly expected to require more sophisticated circuit models).
When comparing these results with those corresponding to the
rectangular hole, it can be observed that the transmission dips
are not affected by the change of shape and size of the hole.
This is consistent with the fact that the cutoff frequency of the

mode is actually what controls these dips. However, the
transmission peak is shifted to lower frequencies and the band-
width is now larger. This transmission peak can still be called
extraordinary because the expected transmission peak, in the
absence of the circular waveguide environment, should be close
to the onset frequency of the first mode of the elliptical wave-
guide forming the hole (in this case, 13.827 GHz). It is then the
influence of the mode of the circular waveguide what
yields the frequency downshift. From the circuit point of view,
this result can easily be explained by the expected higher value
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Fig. 4. Extraordinary transmission with an elliptic hole: experiment and theory
(mode-matching results: MM). (a) Transmission ��� �� and reflection ��� ��
coefficients. (b) Detail of the zero transmission frequency region. Dimensions
(in millimeters) as in Fig. 1: � � ���� (nominal), � � ��, � � �, � � 	,
� � 
���, � � ����, and � � ���� (actual values).

of the inductance provided by the elliptical hole, in comparison
with that of the rectangular hole, due to the slightly larger size
of the elliptical hole. The extracted parameters for the circuit
model confirm this qualitative prediction: nH for the
rectangular aperture and nH for the elliptical one. In
this situation, the capacitance required to reach the resonance
condition of the tank in Fig. 2(a) is smaller for the elliptical
hole. The resonance can then be obtained at a frequency not too
close to the singularity (cutoff frequency of the mode).
The system can be viewed as an resonator loaded by the
transmission lines shown in Fig. 2(a). The resonance frequen-
cies of the rectangular and elliptical holes are not very different,
but the capacitance of the rectangular hole is meaningfully
larger than that the elliptical aperture (the reverse happens for
the inductance). In such a case, conventional circuit theory
predicts a smaller 3-dB bandwidth for the resonator associated
with the rectangular aperture, as it is clearly observed in the
simulations and measurements of Figs. 3(a) and 4(a). Thus, all
the main features of the observed transmission spectrum can be
anticipated using the circuit model in a rather trivial manner.

III. INFLUENCE OF LOSSES ON

EXTRAORDINARY TRANSMISSION

In this section, we will show the effect of conductor losses
on the transmission and reflection coefficients, and how these
effects can be accounted for by our equivalent-circuit model.
From the experimental results reported in [30], and also those in
Fig. 4, it can be concluded that losses give rise to a slight reduc-
tion in the transmitted power without any meaningful effect on

the reflection coefficient. Moreover, losses are smaller for the el-
liptical hole (0.25-dB insertion loss against 0.75 dB for the rect-
angular aperture), which has a resonance frequency lower than
that of the rectangular hole. Among other possible alternatives,
conductor losses can be included in the circuit model by simply
adding a resistor connected in series to the inductance (we ig-
nore propagation losses along the nonideal circular waveguide
sections because of their negligible contribution). After doing
this, the effective impedance of the -tank resonator in
Fig. 2(a) at the theoretical resonance frequency ( )
is given by

(1)

where represents the skin-effect resistance of the metal plate
with the hole. Some incremental inductance should have also
been added, but it is assumed to be negligible in comparison
with .

The above expression tells us that the impedance of the res-
onator at resonance is infinite when (perfect con-
ductor case). This is true for any pair of values of and ,
which means that total transmission peaks are predicted for the
lossless case below the cutoff frequency of the mode for
any size of the hole (i.e., for any value of its inductance). Small
holes would provide very low inductance values, thus requiring
large values of to yield resonance. These high values of can
only be reached at frequencies very close to Rayleigh–Wood’s
anomaly. In such circumstances, the transmission peak would
also be extremely narrow, although it could be observed by a
sufficiently fine frequency scan. This fact has been verified in
many full-wave simulations reported in the literature (see, for
instance, [24] for a circular aperture inside a cylindrical wave-
guide). However, the presence of losses can dramatically modify
the above scenario.

If losses are actually low, we can expect some slight attenua-
tion, such as that shown in the experimental results in Figs. 3(a)
or 4(a). The meaning of low losses in this context strongly de-
pends on the size of the hole for a given frequency range and
metal choice. For instance, the cases treated in Fig. 4 or in [30]
can be considered as “low losses” cases. The holes, although
sub-wavelength in size, are large enough to have relatively high
values of inductance. In such a case, the ratio in (1) is
large enough to make . Impedance matching is,
therefore, still quite good at resonance, and low reflection is ob-
tained. Absorption is weak because the impedance of the circuit
branch with and is relatively large, thus avoiding high cur-
rents at resonance. It should be noticed that current in the circuit
model accounts for the level of surface current flowing over the
metal plate in the physical system. Roughly speaking, holes with
relatively large dimensions (along the direction perpendicular
to the impinging electric field) have large inductances. In such
a case, current flowing through the resistance (i.e., the surface
current over the metal plate) is relatively small if compared with
the current flowing in the case of smaller holes. Large holes are,
therefore, related to good matching and low losses. If the dimen-
sion of the hole along the direction perpendicular to the polariza-
tion of the incident field is reduced, current in the -tank cir-
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Fig. 5. Experimental, numerical, and analytical results (including losses) for
the transmission ��� �� and reflection ��� �� coefficients of a rectangular hole
of very small size. Dimensions (in millimeters): � � ����, � � ���, � � �,
� � �, and � � ��	�. Numerical results with losses are obtained with Ansoft
Corporation’s HFSS considering a surface boundary condition with metal con-
ductivity of � � 
� S/m.

cuit (and, therefore, ohmic losses) automatically increases due
to the smaller value of the impedance of the inductive and ca-
pacitive branches of the resonator (if reasonable matching is as-
sumed, the driving voltage is similar for large and small holes).
Certainly, higher current through yields higher losses. Note
that the current in the resonator can be much larger than that
in the transmission lines at both sides of the discontinuity (this
latter current is associated with the value of the magnetic field
of the incident and transmitted waves) if the holes are small
enough (low inductance holes). This predicted current crowding
for small holes is fully consistent with the reported field en-
hancement over the perforated plate at extraordinary transmis-
sion frequencies in periodic systems. In many papers, this field
enhancement is actually considered the main reason for extraor-
dinary transmission [1], [3]; total transmission, though, is still
possible without field enhancement if the apertures are large
enough (indeed, this is the case for conventional frequency se-
lective surfaces). Low inductance values, however, are respon-
sible for another important effect. If resonance is achieved with
low inductance and high capacitance, in (1) can be of
the same order of magnitude or even smaller than , thus
giving place to strong mismatching. Our model not only predicts
strong material losses, but also strong mismatching for small
holes in lossy walls.

For small enough holes, the previous rationale suggests that
poor transmission, due to strong mismatching and absorption,
should be expected when the theoretical (lossless) extraordi-
nary transmission frequency is very close to Rayleigh–Wood’s
anomaly. This prediction has been experimentally verified by
using a rectangular diaphragm having almost half of the length
of the aperture used in [30] or, in this paper, in Fig. 3. No new
iris was actually built; instead, we partially obturated the orig-
inal 10-mm aperture with adhesive copper sheets and measured
the resulting slit dimensions using a microscope. It results on an
effective conductivity meaningfully smaller than that of the alu-
minium employed to fabricate the irises. The value of this effec-
tive conductivity was estimated from the comparison of HFSS
simulations with measured data. The results are shown in Fig. 5,
which include simulated (HFSS), measured, and circuit-theory

Fig. 6. Calculated (HFSS) values of transmitted ��� � �, reflected ��� � �,
and absorbed �
 � �� � � �� � � power for 12 different rectangular holes
made in a thin conductive plate of conductivity � � 
� S/m. Dimensions of
the holes: � � � mm, � � ��� � �	 � 
���� mm �	 � 

 �
 � � � 
 
��. The
waveguide dimensions are the same as in previous figures.

data. Simulated data have been obtained using the nominal radii
of the waveguides and the radii deduced from the transmission
zeros. The conductivity used in HFSS simulations was 10 S/m
for the plate with the iris. The ohmic resistance in the circuit
model was computed by just allowing the inductance to be com-
plex (its imaginary part is trivially related to the resistance). It
is remarkable how the circuit model perfectly captures the de-
tails of the spectrum for the lossy case when very small holes
are involved. Note that a weak transmission peak, very close to
Rayleigh–Wood’s anomaly, can be clearly seen for the transmis-
sion coefficient . Impedance matching is very poor, as it is
clear from the reflection coefficient . Moreover, an important
fraction of the power is dissipated by the perforated metal plate
(dissipated power is readily computed as ).
In this particular example, 84.1% of the incident power is re-
flected, 0.6% is transmitted, and 15.3% is dissipated. From the
circuit theory point of view, the observed spectrum can easily
be explained. For the extracted values of , , and , in
(1) is quite small in comparison with , which causes very
poor matching even at resonance. The practical important con-
sequence of this fact is that we cannot have high transmission
peaks at frequencies too close to Rayleigh–Wood’s anomaly due
to the limitation imposed by ohmic losses (i.e., we cannot have
“extraordinary transmission” for deeply sub-wavelength holes
in lossy walls). This is an important drawback for the prac-
tical applications of the potential highly selective properties that
extraordinary transmission could provide at microwave or mil-
limeter-wave frequencies. In order to have a quantitative idea
about the severity of this limitation, we have studied the trans-
mission properties of our waveguide system for various sizes of
the rectangular aperture. The results have been obtained using
the HFSS simulator using a conductivity of S/m. Trans-
mitted, reflected, and absorbed power (at the maximum trans-
mission frequency point) are shown in Fig. 6 for a number of
rectangular holes having different widths ( ranging from 11 to
5.5 mm in steps of 0.5 mm). Transmissivity (red line in online
version), which should reach unity in a lossless system, strongly
degrades for values of below 8.0 mm due to both absorp-
tion and mismatching. This clearly indicates that the degree of
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squeezing of electromagnetic waves into small apertures is se-
verely limited by the presence of actual conductor losses.

At this point, it should be highlighted that the above discus-
sion on the effects of losses in the circular waveguide problem
also applies to 2-D periodic distributions of holes. Thus, it would
be very difficult to observe a genuine extraordinary transmission
peak in common experiments with frequency-selective surfaces
at microwave frequencies unless the experiment is suitably de-
signed for that purpose, as was done in [6] (the experimental re-
sults reported in that paper give us a good opportunity to clarify
our analysis). In [6], the authors studied several perforated alu-
minium screens having various thicknesses. Though our anal-
ysis up to now is only valid for very thin screens (thick screens is
the subject of Section IV), the qualitative predictions concerning
the role of losses is quite similar for thin and thick screens, pro-
vided that the thickness is not too large. In [6], the lattice con-
stant (namely, the size of the square unit-cell waveguide as de-
fined, for instance, in [26]) was mm and the cylindrical
holes have radii mm and 1.0 mm. For mm,
the situation is very close to the experimental situation studied
in this paper, and more specifically, to the elliptical diaphragm
case. The parameters relevant to establishing the comparison is
the ratio of the cutoff frequency of the TM mode involved in
the extraordinary transmission ( mode in the case of the
circular waveguide and mode of the square cross-sec-
tion parallel-plate waveguide in [6]) and the cutoff of the funda-
mental mode of a hollow pipe waveguide having the same cross
section as the hole (elliptical hole in our case and circular hole in
[6]). For mm, this ratio is 0.85 in [6] and 0.853 in our
experiment. Looking at the experimental results in [6, Fig. 3]
for the thinnest screen mm and mm, almost
total transmission is observed for a wavelength that is about
1.04 times the cutoff wavelength of the mode of the unit
cell waveguide. Our results for the elliptical hole give almost
total transmission at a wavelength that is 1.07 times that of the

mode of the circular waveguide. The case mm
in [6], however, corresponds to an extraordinary transmission
frequency much closer to Rayleigh–Wood’s anomaly (in this
case, from the inset in [6, Fig. 2], the expected extraordinary
transmission wavelength to cutoff wavelength ratio is 1.012).
In the frame of our model, this ratio decrease comes from the
smaller inductance provided by the hole, which should yield
poor impedance matching and higher losses. This is clearly what
is found in the experimental results reported in [6, Fig. 3]: trans-
mission for mm was 95%, while less than 17% is mea-
sured for a slightly smaller hole mm . These experi-
mental results are fully consistent with our predictions and re-
sults in spite of dealing with different systems. Again, the reason
is that the underlying physics is basically the same.

IV. EFFECTS OF THE DIAPHRAGM THICKNESS

In many simulations of extraordinary transmission through
2-D periodic arrays of holes in metallic walls with nonnegligible
thickness, the existence of two transmission peaks, rather than
a single one, has been reported. A detailed study of the double
peak and its dependence on screen thickness can be found in
[5, Fig. 4] or [3, Fig. 8], although this double peak also appears
in many other papers [6], [39]. Nevertheless, to the best of the

authors’ knowledge, no experimental evidence of this double
peak phenomenon has been reported in the literature, which is
probably due to its high sensitivity to actual losses. Our equiv-
alent-circuit approach certainly predicts the existence of such a
double peak in the lossless case; it also provides a simple expla-
nation of why losses destroy one of those peaks. In [26], some
modifications of the simple -tank circuit model was pro-
posed with the purpose of incorporating the effect of the screen
thickness (2-D arrays of holes case). This model successfully
predicts the double peak, as well as the dependence of the posi-
tion of the peaks with respect to the screen thickness. Actually,
two different circuits were proposed in [26]. The simpler one
used a -circuit with three inductances, a series inductance ,
and two shunt inductances , which account for the reactive
energy stored inside the hole by the dominant TE modes below
cutoff. This circuit model is adapted here to deal with the ex-
pected double peak phenomenon in the circular waveguide with
a thick diaphragm. The circuit is represented in Fig. 2(b). The

-circuit made of inductors is the simplest way of representing
TE modes below cutoff inside a waveguide section. The only
difference with the case treated in [26] is that the propagating
modes in the input and output waveguides are different from
those considered in [26]. In spite of those minor differences, it is
clearly expected that the qualitative behavior of the transmission
spectrum of both problems should be the same, provided that the
circular waveguide sections operate in the single-mode regime.
The parameters of this model can once again be extracted from
numerical/experimental results for just three arbitrarily chosen
frequency points (see Appendix B).

The behavior of transmission peaks with respect to the
diaphragm thickness is shown in Fig. 7(a) for some particular
cases ignoring losses. As expected, the type of transmis-
sion spectrum is qualitatively identical to that obtained for
periodically perforated structures. It is worth mentioning
how the nonzero thickness of the perforated plate makes
the extraordinary transmission frequencies shift toward the
Rayleigh–Wood’s anomaly. For instance, the total transmis-
sion frequency for the zero thickness screen in Fig. 3 is around
11.42 GHz for a rectangular hole with dimensions mm
and mm; the same aperture in a thick 5.0-mm screen
has a peak around 11.7 GHz. This is easily understandable from
the circuit point of view: the internal inductance of the hole
open cavity is shunt connected with the external inductance of
the TE modes in the circular waveguide. The resulting global
inductance is meaningfully smaller than that of the zero-thick-
ness screen case. This inductance decrease explains the shift
to higher frequencies of the transmission peak. Fig. 7(a) also
shows the evolution of the two transmission peaks as the
thickness increases. The peaks get closer and closer as the
thickness is larger and larger, in perfect agreement with the
results reported in [3], [5], and [26]. For very thick screens,
no peak is observed because of the exponentially vanishing
interaction between the two sides of the diaphragm.

The influence of losses can be appreciated in Fig. 7(b),
which shows HFSS simulations including ohmic metal losses
(in this case, a typical effective conductivity of 10 S/m for a
not polished aluminium surface has been used). These simu-
lations show how dissipation and mismatching cause certain
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Fig. 7. Transmission coefficient ��� �� of the rectangular hole for different
values of the metal thickness � (other dimensions in millimeters are: � � ����,
� � ���, � � �, and � � �). (a) Lossless case (accurate mode-matching re-
sults). (b) Same geometry considering metal losses (HFSS data). Circles denote
circuit model results.

attenuation in the wider bandwidth peak, while the second
peak (always very narrowband and close to Rayleigh–Wood’s
anomaly) almost completely disappears, in agreement with our
qualitative predictions. Obviously, a similar behavior should
be expected for extraordinary transmission systems based
on periodic structures. Thus, typical levels of metallic losses
would preclude a clear observation of the second peak. Super-
conducting screens, supported by low-loss dielectrics, could be
used for the observation of the second peak.

V. HIGHER ORDER FIELDS AROUND

EXTRAORDINARY-TRANSMISSION FREQUENCY

In this section, the modal field distributions in the neighbor-
hood of the extraordinary transmission and Rayleigh–Wood’s
anomaly frequencies will be studied. For the case of a rectan-
gular hole, Fig. 8 shows the transmission coefficients of the
transmitted propagating , and evanescent modes,
referred to the incident mode. The amplitude coefficients
are computed at an output reference plane placed at a distance

mm from the hole plane, as shown in Fig. 9. It can
be seen in Fig. 8(a) that the transmission coefficient of both
modes reaches a maximum at the corresponding total transmis-
sion frequencies. The amplitude of the fundamental mode and
the first higher order mode are quite similar for the total trans-
mission frequencies that are very close to the Rayleigh–Wood’s
anomaly frequency. The relative amplitude of the mode,
however, exponentially increases as the total transmission fre-
quency approaches to Rayleigh–Wood’s anomaly. For instance,

Fig. 8. Transmission coefficient (obtained by mode matching) of the rectan-
gular hole for different values of the rectangular aperture � (other dimensions
in millimeters are: � � ����, � � �, � � �, and � � ��	�). (a) Transmis-
sion coefficients, referred to the incident 
� mode, of the 
� and 
�
modes at the output waveguide (reference plane at a distance � � �mm of the
hole plane). (b) Detail of the frequency region close to the Rayleigh–Wood’s
anomaly.

for mm, the amplitude level of the fundamental mode
and first higher order mode are quite similar (10 mm away from
the hole plane); for mm, the amplitude ratio is more than
8 dB in favor of the evanescent mode. It is also worth studying
the amplitude of higher order modes (higher than ) in this
structure. Table I shows the amplitudes of the first few higher
order modes supported by the circular waveguides for four dif-
ferent rectangular apertures. These amplitudes are evaluated at
the extraordinary transmission frequency. It is clear that higher
order mode amplitudes are very small and almost independent
of the size of the aperture, except for the mode, which
apparently dominates the field distribution when the aperture is
electrically small.

A detailed inspection of the frequency region corresponding
to the second peak (lossless case), which is extremely close
to Rayleigh–Wood’s anomaly, is shown in Fig. 8(b). This plot
shows more than 25 dB of difference between the two trans-
mission coefficients at the total transmission frequencies. (This
difference would obviously be larger at the discontinuity plane
due to the evanescent nature of within the considered
frequency range.) This fact is a clear example of a huge field
enhancement associated with extraordinary transmission in our
closed waveguide, similar to that reported in the literature for
the extraordinary optical transmission through periodic holey
screens [3].
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Fig. 9. Electric field pattern for frequencies close to the total transmission �� �
� � and to the Rayleigh–Wood’s anomaly �� � � � for two rectangular
apertures of size: (i) � � � mm and (ii) � � �� mm.

TABLE I
RELATIVE AMPLITUDES (IN DECIBELS) OF INCIDENT AND

HIGHER ORDER MODES FOR SEVERAL VALUES

OF APERTURE WIDTH. � � ��� mm

Electric field distributions, obtained by HFSS simula-
tions, are plotted in Fig. 9 for the total transmission and
Rayleigh–Wood’s anomaly frequencies [maximum peaks
and transmission dips in Fig. 8(b)]. If the aperture is small,
Fig. 9(i) shows that the fields are dominated by the mode
(with no circumferential variation in the field) at a distance of
10.0 mm from the discontinuity plane. This situation changes
for larger holes, at least at the total transmission frequency.
On the left-hand side of Fig. 9(ii), it is apparent that the field
distribution is dominated by the mode (with vertical
polarization). Nevertheless, around the Rayleigh–Wood’s
anomaly frequency, fields are, again, totally dominated by the

mode. This is because there is no meaningful attenuation
of the high density fields associated with such mode so close
to cutoff. It is interesting to note that the magnitude of the
total electric field has a peak at total transmission frequencies
(total fields at Rayleigh–Wood’s anomaly point are small) and
increases as the total transmission frequency approaches the

Rayleigh–Wood’s anomaly. It could be an interesting way of
obtaining high levels of field concentration, as required in some
optical applications. Unfortunately, we have already shown that
real losses will drastically reduce the field level. Nevertheless,
significant field enhancement is still expected even in lossy
systems, being more important at optical frequencies, where
metals are not ohmic conductors, but lossy plasmas.

VI. CONCLUSIONS

This paper has presented a detailed experimental and theo-
retical study of the transmission properties of small diaphragms
placed inside a hollow pipe circular waveguide. The analogy
existing with extraordinary transmission observed in periodi-
cally perforated screens has been highlighted. If emphasis is
put on impedance matching rather than on surface wave exci-
tation, a unified theory can be used to explain both physical sit-
uations. The resonant behavior of near fields around the aperture
are responsible for impedance matching and, thus, extraordinary
transmission in both problems. The theoretical and experimental
study of the role of material losses reported in this paper leads to
the conclusion that very small holes in real metal screens would
yield poor transmission due to strong mismatching and absorp-
tion. The circuit model arising from our analysis has simpli-
fied the physical interpretation of the experimental results. This
model also helps to extract conclusions about what actually can
be expected from extraordinary transmission systems and about
how to improve their electrical behavior for specific purposes
with potential practical applications.

APPENDIX A

The expression given in [26, eq. (4)] can readily be adapted
to the circuit in Fig. 2(a) to give

(2)

Assuming the following frequency dependence of the capaci-
tance [26]:

(3)

where is the cutoff frequency of the first higher order mode
( in the case under study), (2) can be rewritten as

(4)

If we write the above equation for three different frequency
values, the following linear system of equations will be ob-
tained:

(5)

whose solution gives us the values of unknown parameters ,
, and .
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APPENDIX B

If the even/odd excitation method is applied to the
transmission line circuit shown in Fig. 2(b), it is found that the
reflection coefficient corresponding to the even/odd excitation
[see Fig. 2(c)] is given by

(6)

where

Considering now the even excitation, we see that can
readily be obtained from the numerically computed reflection
and transmission coefficient of the whole system as

(7)

Expression (6) can be rewritten as

(8)

which taken into account the explicit frequency dependence of
given in (3) can be cast in the following way:

(9)

This last expression makes it possible to write the following
linear system of equations to find the values of the unknown
parameters , , and from just three numerical evaluations
of at different frequencies:

(10)

The value of can finally be computed from the following
expression:

(11)
where can be one of the frequencies employed in the previous
equation.
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