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Abstract—Safety issues must be seriously considered in the
practical implementation of microwave industrial systems with
open ports. To preserve the radiation of these open-ended wave-
guide systems into permissible levels, bandstop microwave filters
are widely used. In this paper, the accurate analysis, design, and
experimental verification procedure of such filters are extensively
studied. A singly and a doubly corrugated filter for continuous
flow microwave industrial systems are designed. Two prototypes of
such devices have been manufactured and experimentally verified.

Index Terms—Admittance matrix representation, bandstop fil-
ters, filter design, microwave measurements, safety.

I. INTRODUCTION

M ICROWAVE energy is currently used in many wide-
spread applications, such as medicine, radar based

systems, mobile communications, and industrial processes [1].
In many of these applications, open-ended waveguide systems
are usually employed since microwaves must interact dynami-
cally with the matter to be processed. A major concern in such
systems is the hazardous effect of microwave energy leakage
on human tissues [2]. Attempts to maintain this radiation effect
into permissible levels have been proposed in the technical
literature [3]. A very effective solution already proposed in [4],
and commonly used in many practical systems, is based on
corrugated reactive filters (see Fig. 1). These structures reflect
back the energy escaped from the microwave applicator by
offering an open circuit to such energy; thus, also improving
the efficiency of the system.

The analysis and design of corrugated filters have tradi-
tionally been performed by an approximate method based
on monomode equivalent circuits [5], [6]. Provided that the
validity restrictions of the monomode representation are
satisfied, the method is accurate enough for singly corrugated
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filters. However, it does not give very precise results for more
complex structures, such as the doubly corrugated configura-
tions [4]. In this paper, a multimode analysis method based
on the generalized admittance matrix (GAM) representation,
recently reported in [7], is proposed for the accurate analysis
of singly and doubly corrugated filters. Additionally, a more
precise design technique of such structures is also described.
This technique exploits the accuracy and efficiency of the new
analysis method proposed in order to refine the initial solution
provided by the traditional design method.

In the design procedure of microwave filters for safety issues,
a very important aspect is the accurate verification of the elec-
trical specifications by the proposed structure. For instance, the
precise measurement of the electrical response of corrugated fil-
ters cannot be fully accomplished with a network analyzer since
the measuring configuration does not reflect the real working
conditions of such filters (the effect of free-space radiation is not
considered). Furthermore, conventional calibration techniques
of network analyzers require standard dimensions for the input
and output ports of the filters to be measured, and also requires
that only the fundamental mode propagates at the measurement
reference planes [8]—conditions that are not always satisfied in
many practical applications. An alternative solution that over-
comes the previous limitations is based on measurements per-
formed in anechoic microwave chambers. This measuring tech-
nique has recently been proposed in [9] for the particular case
of guided-mode resonance transmission filters. In this paper, a
novel verification procedure of open-ended waveguide filters in
anechoic microwave chambers is also presented.

This paper is organized as follows. In Section II, the new anal-
ysis method proposed for corrugated filters is fully described,
whereas the more effective design technique based on such anal-
ysis method is outlined in Section III. Next, the novel experi-
mental verification procedure in anechoic microwave chambers
is detailed in Section IV. Section V first validates the analysis
method previously described by considering two application ex-
amples already reported in the literature. A CPU time compar-
ative study between the new analysis technique proposed and a
commercial simulator is also included. The design and exper-
imental verification procedure of a singly and a doubly corru-
gated filter for microwave industrial systems are then presented.
Two prototypes of such devices have been manufactured and
measured, thus confirming the validity of the analysis, design,
and measuring techniques proposed in this paper.
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(a)

(b)

Fig. 1. (a) Singly and (b) doubly corrugated filter under consideration.

II. A NALYSIS METHOD

The structures under consideration are the singly and doubly
corrugated filters shown in Fig. 1(a) and (b), respectively. To an-
alyze these filters, they are decomposed into planar waveguide
junctions and sections of uniform waveguide interconnecting
them. For the accurate and efficient characterization of these two
basic building blocks, the GAM formulation is chosen.

Any planar waveguide junction can be easily modeled by
a GAM representation following the efficient method recently
proposed in [7]. As a result, the admittance matrix elements take
the following form:

(1)

(2)

(3)

where and are, respectively, the transverse electric and
magnetic normalized vector-mode functions of theth mode in
region ( for the waveguide with bigger cross section or

for the smaller waveguide in the junction), and
represent the propagation constant and characteristic admittance
of the th mode in region, is a reference length in the bigger
waveguide, and represents the Kronecker delta. All the TE
and TM modes in (1)–(3) are sorted according to their increasing
cutoff wavenumber.

From (1) to (3), it is obvious that the main computational ef-
fort comes from the evaluation of the elements because
they involve series to be evaluated at each frequency point. The
number of terms to be considered in such series is determined
through convergence studies. For the planar waveguide junc-
tions involved in the structures considered in this paper, prac-
tical studies have revealed that 400 terms are required to obtain
convergent results. This computational effort can be reduced
dramatically following the acceleration technique proposed in

[10], which consists on extracting the frequency dependence of
the aforementioned series. Using this technique, the frequency
computations required to evaluate the elements are es-
sentially reduced to adding, at most, ten terms.

As is evident from (1)–(3), the proposed analysis technique
requires to know the modal spectrum of both waveguides in-
volved in any planar junction, as well as the modal coupling co-
efficients between these two sets of modes. This modal informa-
tion can be obtained analytically for waveguides with standard
cross section, such as the rectangular ones. Unfortunately, the
junctions present in the doubly corrugated filters always imply
multiridged waveguides. The modes of such waveguides and
the coupling integrals required are obtained efficiently imple-
menting the method fully described in [11] and [12]. This pro-
cedure consists essentially of rewriting the Helmholtz equation
in a form that gives rise to a linear matrix eigenvalue problem
once the Galerkin method is used to obtain the modal solution.
After some post-processing of the matrices already used to find
the modes, the algorithm then also allows to compute straight-
forwardly the coupling integrals required.

The sections of uniform waveguide connecting the planar
waveguide junctions of the structure are also characterized by
a GAM representation. According to [13], the admittance pa-
rameters are given by the well-known expressions

(4)

(5)

where now represents the waveguide section length.
After cascading the admittance matrices, which represent the

basic building blocks of the structure considered, and applying
the corresponding load conditions, a banded linear system is
finally obtained. For the solution of this system, a very efficient
iterative technique, which fully exploits its banded nature, has
been implemented (see explicit details in [14]).

The efficiency of the analysis technique proposed also de-
pends on the number of interacting modes chosen at the waveg-
uides of the structure. Such a number must be determined in
order to obtain accurate results, and it is practically derived from
convergence studies of the-parameters of the whole structure.
In Section V, the number of interacting modes required by each
one of the filters considered in this paper can be found.

III. D ESIGN TECHNIQUE

As can be seen in Fig. 1(a), a singly corrugated filter is a
periodic cascade of pure capacitive steps in rectangular wave-
guide, which allows to eliminate only the radiation of open-
ended waveguide systems related to the fundamental mode (i.e.,

). For the design of these devices, the traditional method
described, for instance, in [6], is initially chosen since it pro-
vides good results in most practical situations.

The traditional design method is based on a monomode
equivalent representation of all the elements integrating the
structure. Therefore, the -plane T-junctions of the structure
are modeled by the monomode equivalent circuit proposed
in [15], whereas the rectangular waveguides interconnecting
such T-junctions are represented by a simple transmission line



SOTOet al.: ANALYSIS, DESIGN, AND EXPERIMENTAL VERIFICATION OF MICROWAVE FILTERS 2135

related to the fundamental mode. Exploiting the periodicity of
the monomode equivalent circuit of the filter, the image method
described in [16] is then used to determine a simple expression
for the attenuation response

dB

(6)

where represents the number of sections (i.e.,-plane T-junc-
tions) of the filter, is the propagation constant of the funda-
mental mode, and are physical parameters of the filter shown
in Fig. 1(a), and , , , and are electrical parameters de-
rived from the equivalent circuit of a filter section [3], [15].

In order to maximize the attenuation response given by (6),
it can be simply deduced that the- and -parameters must take
the following values:

(7)

(8)

where is the central frequency of the stopband and, are
again electrical parameters of the monomode equivalent circuit
of the T-junctions, whose explicit expressions can be found in
[15]. From such expressions, it is concluded that the values of

and depend on the physical parameters, , and . The
- and -parameters are fixed by the material dimensions. With

regard to the value of the-parameter, it must be chosen in order
to optimize (6), but taking care of not violating the validity range
of the monomode equivalent circuit (a higher value ofimplies a
shorter distance between consecutive T-junctions, thus exciting
higher order modes not considered in the model).

Finally, as can be deduced from (6), the number of sections
of the filter determines the level of attenuation, and it is, there-
fore, suitably chosen in order to fulfill the electrical specifica-
tions of the filter.

The values of the physical parameters given by the design
technique are then inserted into the electromagnetic (EM) simu-
lator based on the theory reported in Section II, and the response
of the filter is finally refined with regard to specifications. This
last step of the design technique can be of paramount importance
in those cases where the validity restrictions of the monomode
equivalent circuit of the structure are not satisfied.

On the other hand, a doubly corrugated filter has an addi-
tional set of longitudinal slots cut through the transverse cor-
rugations, as can be seen in Fig. 1(b). If the center-to-center
spacing of the resulting teeth is small in terms of the free-space
wavelength, this structure will be essentially isotropic, and will
have nearly the same characteristics for TEM waves propagating
through it in any direction parallel to the web [5], [6]. Since any

mode can be decomposed into two of such TEM wave
components, a doubly corrugated filter designed to reflect back
these TEM waves can avoid the leakage of energy related to

Fig. 2. Experimental setup for transmission measurements of open-ended
waveguide filters in anechoic microwave chambers.

all modes, which allows wider system ports very useful
in many practical applications. Traditionally, the design proce-
dure just explained for singly corrugated filters has also been
employed for the doubly corrugated case, once the fundamental
mode wavelength ( ) is replaced by the free-space wave-
length ( ) corresponding to TEM waves [4]. Unfortunately,
this design procedure of doubly corrugated filters is based on
rough approximations and does not usually provide very accu-
rate results. However, the physical dimensions given by such a
design procedure can be used as a good starting point to opti-
mize [with the help of a very accurate and efficient simulation
tool (see Section II)] the geometry of the structure in order to
fulfill the electrical specifications.

IV. NEW EXPERIMENTAL VERIFICATION PROCEDURE

The new experimental setup implemented to characterize
the transmission behavior of open-ended waveguide filters
inside microwave anechoic chambers is depicted in Fig. 2. As
we can see in this figure, the filter to be measured is fed by
a coaxial-to-waveguide transition connected to an RF signal
generator, which sweeps the whole frequency range of interest.
The energy not reflected by the waveguide filter is radiated
at free space through its open aperture. The receiver antenna,
which is placed in the far-field region of the system aperture,
must explore the power radiated by the filter in any space
direction, and delivers it to a spectrum analyzer synchronized
with the RF signal generator. In order to define a transmittance
response of the filter, it is required that the experimental value
be measured in the direction of maximum radiated power,
which, for safety issues, must be kept within permissible levels.

To remove the systematic errors caused by the measurement
system just described, a reference calibration standard must be
chosen and measured. The calibration standard proposed is a
uniform waveguide section whose aperture dimensions are the
same ones of the entry and exit ports of the filter to be mea-
sured. The length of the reference waveguide must be equal to
the total length of the waveguide filter, so as to keep the same
distance between the radiating aperture and the antenna in both
measurements. The power radiated by the calibration standard
must be measured again in all space directions, and the max-
imum value obtained is used to normalize the power emitted by
the filter in its direction of maximum radiation. The resulting
value is the transmittance response of the open-ended wave-
guide filter, which provides the attenuation level introduced by
the filter structure under more “real” working conditions.

For those open-ended waveguide filters that only support the
fundamental mode, it is obvious that the directions of max-
imum radiated power by the filter and the calibration standard
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will agree (normal to the aperture), thus simplifying the mea-
suring procedure previously described. Furthermore, in such
cases, the measured transmittance response should be similar
to the well-known -parameter. This property has been used
in Section V to validate the new verification procedure proposed
in this paper. Moreover, this procedure could be effectively used
to measure the transmission behavior of the aforementioned fil-
ters with nonstandard dimensions for the input and output ports.

On the other hand, if higher order modes are supported by the
system, the directions of maximum radiated power by the filter
and the calibration standard can be different, and none of them
has to be normal to the aperture. Nevertheless, the previous def-
inition of the transmittance response of the filter is also mean-
ingful since it provides the effective reduction on the maximum
radiated power by the open-ended system.

V. RESULTS

The goal of this section is to fully validate the analysis
method, design technique, and new experimental verification
procedure proposed in this paper. To accomplish this objective,
we first consider a singly and a doubly corrugated filter already
studied in the technical literature. Secondly, the property of
modal independent stopband response of doubly corrugated
filters for any excitation is proven. Next, a singly and
a doubly corrugated filter for safety issues in open-ended
microwave industrial systems are designed, manufactured, and
finally measured.

A. Validation Results

The first structure considered is the pure capacitive filter in
WR75 waveguide illustrated in Fig. 3(a). The simulated re-
sponse of the reflection coefficient provided by our simulation
tool is shown in Fig. 3(b), where it is compared with numerical
and experimental results from [17]. An excellent agreement
between our results and those of [17] can be observed, thus
fully validating the analysis tool developed for singly corru-
gated filters. Note, even that the narrow transmission resonance
produced at about 14.75 GHz is only predicted correctly by our
analysis technique.

In order to obtain the very accurate results of Fig. 3(b),
only the and
modes have been considered at each waveguide of the filter.
The full-wave analysis of this structure has required 0.0034 s
per frequency point on a Cray Silicon Graphics Origin 2000
platform.

The second validation structure is a doubly corrugated filter
composed of five rows of three blocks affixed to the upper wall
of a WR340 waveguide. The physical parameters of the struc-
ture are given in Table I. In Fig. 4, we compare the results given
by our analysis method with the theoretical and experimental
results reported in [4]. As can be seen in this figure, a very
good agreement between our results and the measurements is
obtained in the whole band of interest, whereas a certain mis-
alignment between such measurements and the theoretical re-
sults from [4] is detected in the higher frequency range. These
results reveal the necessity of using analysis methods such as

(a)

(b)

Fig. 3. Reflection coefficient (S -parameter) of the pure capacitive
waveguide filter in (a). The solid line represents our simulated results, while
the stars and circles reproduce the experimental and numerical responses from
[17], respectively. All dimensions in (a) are in millimeters.

TABLE I
GEOMETRY OF THEDOUBLY CORRUGATED FILTER CHOSEN AS A

VALIDATION EXAMPLE IN FIG. 4

Fig. 4. Transmission coefficient(S -parameter) of the doubly corrugated
filter described in Table I. The solid line indicates our results, with dashed
lines and stars representing the theoretical and experimental results from [4],
respectively.
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TABLE II
GEOMETRY OF THEDOUBLY CORRUGATEDFILTER THAT REJECTS THEENERGY

RELATED TO THETE AND TE EXCITATION

the one proposed in this paper for the accurate full-wave char-
acterization of doubly corrugated filters.

For obtaining the accurate numerical results of Fig. 4, the first
60 and modes (sorted according to their increasing
cutoff wavenumber) have been considered in each waveguide of
the filter. The numerical computations were performed again on
a Cray Silicon Graphics Origin 2000 platform. The full-wave
analysis of the whole structure only required a CPU time of
0.288 s per frequency point.

Next, the property of modal independent stopband response
of doubly corrugated filters is verified. For that purpose, a filter
with the geometry described in Table II is considered, which has
been designed to reject the energy related to the and
modes propagating through the access ports in the band of in-
terest. In Fig. 5, our simulated results for the magnitude of the
transmission responses of the filter for both modes are plotted.
As can be seen in this figure, the curves for both modes ex-
hibit a very similar shape, and the transmission zeros and poles
are placed at very close frequency points. The responses mainly
differ in the attenuation level, which can be attributed to the dif-
ferent incident angles of the TEM waves related to the and

modes. In fact, the higher the order of the mode, the higher
the incident angle, thus increasing the number of corrugations
to be crossed. The authors would like to remark that they have
also numerically proven that there is no transmission coupling
between the two aforementioned modes.

The previous example has also been simulated with the com-
mercial software HFSS1 and, for comparative reasons, the re-
sults obtained have been included in Fig. 5. The comparison
reveals a good agreement between our results and the HFSS
data, although a slight deviation in frequency is observed be-
tween both responses. Such deviation can be due to the fact that
the results provided by the finite-element commercial simulator
are still not accurate enough. Nevertheless, the authors have ob-
served that the results provided by HFSS converge slowly to
their results if higher accuracy is requested.

A final study in terms of the computational effort required to
solve the last example has also been performed. To obtain the
very accurate results of Fig. 5, our software tool has considered
again the first 60 and modes in each waveguide of
the structure, thus giving place to a CPU time of 0.888 s per
frequency point on a Silicon Graphics Origin 2000 platform. On
the other hand, the HFSS results required a CPU cost of 789 s
per frequency point on a Sun Enterprise 3000 workstation. This
impressive result allows us to conclude that the code developed
in this paper can be suitably used not only for analysis purposes,
but also for real-time design procedures, where the use of very
efficient analysis tools is a critical requirement.

1HFSS, HP-EEsof, Hewlett-Packard Company, Santa Rosa, CA 1998.

Fig. 5. Transmission coefficient(S -parameter) of the doubly corrugated
filter described in Table II. The solid and dashed lines represent our transmission
responses for theTE andTE modes, respectively. The stars and circles
represent the same responses provided by the commercial software HFSS.

TABLE III
GEOMETRY OF THESINGLY CORRUGATEDFILTER MANUFACTURED

B. Design and Experimental Verification of a Singly and
Doubly Corrugated Filter

A singly and doubly corrugated filter for open-ended mi-
crowave industrial systems have been designed. The electrical
requirements for both filters are a high attenuation level (greater
than 60 dB) and a wide (about 150 MHz) stopband response
centered at 2.45 GHz. The dimensions of the material to be pro-
cessed fix the values of 20 and 86.36 mm for the- and -pa-
rameters, respectively. These dimensions of the system gap (see
Fig. 1) only allow the propagation of the fundamental mode (i.e.,

) at the access ports of the filters in the operating frequency
range.

The design procedure of singly corrugated filters explained
in Section III provides the optimum section length and corruga-
tion height (- and -parameters) once the remaining physical
parameters (, , and ) are known. Since the- and -param-
eters are fixed by the material dimensions, the key point of the
design procedure is the correct determination of the-parameter.
After performing an optimization strategy of the filter response,
a final value of 24.00 mm was obtained for the-parameter. Fi-
nally, three corrugated sections was revealed to be enough in
order to satisfy the electrical specifications. The final values of
all the design parameters are shown in Table III.

The singly corrugated filter designed has been manufactured
and terminated with standard WR340 waveguides for measuring
reasons (see pieces and final aspect of the manufactured filter in
Fig. 6(a) and (b), respectively). In Fig. 6(c), the simulated re-
sponse of the filter is compared with measurements performed
with a network analyzer. From such a figure, it can be concluded
that the analysis and design techniques of singly corrugated fil-
ters proposed in this paper are extremely accurate.

For the doubly corrugated filter, the traditional design proce-
dure is used to determine an initial approach of the physical
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(a)

(b)

(c)

Fig. 6. Magnitude of the scattering parameters of the singly corrugated filter
manufactured. (a) Pieces of the filter. (b) General view of the whole structure.
(c) Solid lines indicate our simulated results, and the stars are our own measured
results.

TABLE IV
GEOMETRY OF THEDOUBLY CORRUGATEDFILTER MANUFACTURED

parameters. Using a refined optimization procedure, the final
geometry defined in Table IV is then obtained. The designed de-
vice has been manufactured and also terminated with two stan-
dard WR340 waveguides, now located at a distance of 16 mm
from the first and last row of bosses. A top view of the pieces
integrating the filter is shown in Fig. 7(a). The simulated re-

(a)

(b)

Fig. 7. Magnitude of the scattering parameters of the doubly corrugated
filter manufactured whose pieces are shown in (a). (b) Solid lines indicate our
simulated results, and the stars are our own measured results.

sults for the magnitude of the scattering parameters of the filter
are shown in Fig. 7(b), where they are compared with mea-
surements performed in the laboratory. As can be seen in this
figure, simulated and measured results agree quite well, thus
fully con-firming the accuracy of the analysis tool and design
technique employed.

In order to know a more “real” transmission response of the
two previous filters, that is taking into account the effect of
the radiation into free space, both manufactured filters were
measured inside an anechoic microwave chamber following
the experimental verification procedure previously proposed
in Section IV. In Fig. 8(a) and (b), a comparison between the
transmittance response obtained in the anechoic chamber and
the -parameter provided by the network analyzer is pre-
sented for the singly and doubly corrugated case, respectively.
Although, in both cases, the two experimental results were
obtained under nonidentical load conditions, the agreement
between them is indeed very good. These results confirm the
good behavior of both filters even under more “real” working
conditions, and additionally allow to validate the new experi-
mental procedure in anechoic chambers proposed in this paper.

VI. CONCLUSION

In this paper, the very important topic of microwave filters
for safety issues in open-ended waveguide systems has been
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(a)

(b)

Fig. 8. Measured responses of the: (a) singly and (b) doubly corrugated
filters. (a)–(b) Solid lines represent the measurements obtained in the anechoic
microwave chamber, and the dashed lines represent the measured results with
the network analyzer.

studied. For the most widely used structures, i.e., the singly and
doubly corrugated filters, a full-wave analysis method based on
the GAM representation has been proposed. The accuracy and
efficiency of this analysis technique have been verified with
two application examples already considered in the technical
literature, and with a third example also characterized with a
commercial simulator (HFSS). Next, a more accurate design
technique based on traditional strategies and the new analysis
method has been fully described. The effectiveness of such pro-
cedure has been validated with the practical design of a singly
and a doubly corrugated filter for continuous flow microwave
industrial systems, which have finally been manufactured and
measured. Furthermore, a novel experimental verification pro-
cedure of open-ended waveguide filters in anechoic microwave
chambers is proposed and successfully proven. The value of this
paper is that the analysis, design, and experimental verification
techniques proposed can be effectively applied to future guided
solutions for reducing the leakage of microwave energy.
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