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Analysis, Design, and Experimental Verification
of Microwave Filters for Safety Issues In
Open-Ended Waveguide Systems

Pablo Soto, Vicente E. Bori@ssociate Member, IEEHose M. Catala-Civera, Nabil Chouaib, Marco Guglielmi,
and Benito Gimeno

Abstract—Safety issues must be seriously considered in thefilters. However, it does not give very precise results for more
practical implementation of microwave industrial systems with  complex structures, such as the doubly corrugated configura-
open ports. To preserve the radiation of these open-ended wave-tinng [4]. In this paper, a multimode analysis method based

guide systems into permissible levels, bandstop microwave filters . . . .
are widely used. In this paper, the accurate analysis, design, and on the generalized admittance matrix (GAM) representation,

experimental verification procedure of such filters are extensively recently reported in [7], is proposed for the accurate analysis
studied. A singly and a doubly corrugated filter for continuous of singly and doubly corrugated filters. Additionally, a more

flow microwave industrial systems are designed. Two prototypes of precise design technique of such structures is also described.
such devices have been manufactured and experimentally verified. This technique exploits the accuracy and efficiency of the new
Index Terms—Admittance matrix representation, bandstop fil- analysis method proposed in order to refine the initial solution
ters, filter design, microwave measurements, safety. 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
M ICROWAVE energy is currently used in many wideprecise measurement of the electrical response of corrugated fil-
spread applications, such as medicine, radar basges cannot be fully accomplished with a network analyzer since
systems, mobile communications, and industrial processes kil measuring configuration does not reflect the real working
In many of these applications, open-ended waveguide systegBRditions of such filters (the effect of free-space radiation is not
are usually employed since microwaves must interact dynarginsidered). Furthermore, conventional calibration techniques
cally with the matter to be processed. A major concern in sugfinetwork analyzers require standard dimensions for the input
systems is the hazardous effect of microwave energy leakaggy output ports of the filters to be measured, and also requires
on human tissues [2]. Attempts to maintain this radiation effeg{s; only the fundamental mode propagates at the measurement
into permissible levels have been proposed in the techniggierence planes [8]—conditions that are not always satisfied in
literature [3]. A very effective solution already proposed in [4lmany practical applications. An alternative solution that over-
and commonly used in many practical systems, is based @nes the previous limitations is based on measurements per-
corrugated reactive filters (see Fig. 1). These structures reflggtmed in anechoic microwave chambers. This measuring tech-
back the energy escaped from the microwave applicator Riyue has recently been proposed in [9] for the particular case
offering an open circuit to such energy; thus, also improving gyided-mode resonance transmission filters. In this paper, a
the efficiency of the system. novel verification procedure of open-ended waveguide filters in
The analysis and design of corrugated filters have tradinechoic microwave chambers is also presented.
tionally been performed by an approximate method basedrhis paper is organized as follows. In Section II, the new anal-
on monomode equivalent circuits [5], [6]. Provided that thgsis method proposed for corrugated filters is fully described,
validity restrictions of the monomode representation afgnereas the more effective design technique based on such anal-
satisfied, the method is accurate enough for singly corrugaiggs method is outlined in Section Ill. Next, the novel experi-
mental verification procedure in anechoic microwave chambers
is detailed in Section IV. Section V first validates the analysis
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Applicator [10], which consists on extracting the frequency dependence of
the aforementioned series. Using this technique, the frequency
computations required to evaluate tlvt;éfn?) elements are es-
sentially reduced to adding, at most, ten terms.

d Singly As is evident from (1)—(3), the proposed analysis technique
g gi‘;trefr“ga‘ed requires to know the modal spectrum of both waveguides in-
Web 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

Applicator cross section, such as the rectangular ones. Unfortunately, the
junctions present in the doubly corrugated filters always imply

W multiridged waveguides. The modes of such waveguides and
b Ay 1 the coupling integrals required are obtained efficiently imple-
2 ] A Doubly menting the method fully described in [11] and [12]. This pro-
di [, UJ)J}I - g Corrugated cedure consists essentially of rewriting the Helmholtz equation
5 A Filter in a form that gives rise to a linear matrix eigenvalue problem

once the Galerkin method is used to obtain the modal solution.

(b) After some post-processing of the matrices already used to find

Fig. 1. (a) Singly and (b) doubly corrugated filter under consideration. ~ 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
The structures under consideration are the singly and doublYGAM representation. According to [13], the admittance pa-

corrugated filters shown in Fig. 1(a) and (b), respectively. To arameters are given by the well-known expressions

alyze these filters, they are decomposed into planar waveguide

junctions and sections of uniform waveguide interconnecting YLD =y @D = )y cot(BPlyg)Smn 4)

them. For the accurate and efficient characterization of these two (2’ by _ (1’ 2y _ (D) (1)

basic building blocks, the GAM formulation is chosen. Yoow’ =Y’ = 5¥0," csc (B3 lwg)bmon ®)
Any planar waveguide junction can be easily modeled by . .

a GAM representation following the efficient method recentlj/N€r€lws NOW represents the waveguide section length.

proposed in [7]. As a result, the admittance matrix elements take‘o‘,ﬁer gaspading the admittance matriceg, which represent_the
the following form: basic building blocks of the structure considered, and applying

the corresponding load conditions, a banded linear system is

Il. ANALYSIS METHOD

Yn(ll,nl) _ (_j)YO(ri) COt(ﬁr(;]i)lref)énl,n 1) finall)_/ obtainec_i. For the_ solution of th?s s_ystem, a very efficient
(2’ N (12) _ D) ) W) 1.2) iterative technique, which fully exploits its banded nature, has
Yoo’ =Y = 5Y0, esc (B ler)(hy 7, 1) (2)  been implemented (see explicit details in [14]).

e The efficiency of the analysis technique proposed also de-
Yéf;?) =(=7) Z Yo(j) cot(BMler) (el ) (b, D) pends on the number of interacting modes chosen at the waveg-
r=t uides of the structure. Such a number must be determined in
®) order to obtain accurate results, and itis practically derived from
cpnvergence studies of ti¥eparameters of the whole structure.
r‘\n Section V, the number of interacting modes required by each
one of the filters considered in this paper can be found.

wheree](,") andhl(,‘”) are, respectively, the transverse electric a
magnetic normalized vector-mode functions of titte mode in
regioné (6 = 1 for the waveguide with bigger cross section o
6 = 2 for the smaller waveguide in thejunctiomf)ff) andYO(]f)
represent the propagation constant and characteristic admittance
of thepth mode inregiott, /.. is areference length inthe bigger As can be seen in Fig. 1(a), a singly corrugated filter is a
waveguide, and,, ,, represents the Kronecker delta. All the TEperiodic cascade of pure capacitive steps in rectangular wave-
and TM modes in (1)—(3) are sorted according to their increasiggide, which allows to eliminate only the radiation of open-
cutoff wavenumber. ended waveguide systems related to the fundamental mode (i.e.,
From (1) to (3), it is obvious that the main computational eff'E,). For the design of these devices, the traditional method
fort comes from the evaluation of thégf;f) elements becausedescribed, for instance, in [6], is initially chosen since it pro-
they involve series to be evaluated at each frequency point. Theées good results in most practical situations.
number of terms to be considered in such series is determinedhe traditional design method is based on a monomode
through convergence studies. For the planar waveguide jueguivalent representation of all the elements integrating the
tions involved in the structures considered in this paper, pratructure. Therefore, th&-plane T-junctions of the structure
tical studies have revealed that 400 terms are required to obtaie modeled by the monomode equivalent circuit proposed
convergent results. This computational effort can be reduced[15], whereas the rectangular waveguides interconnecting
dramatically following the acceleration technique proposed such T-junctions are represented by a simple transmission line

I1l. DESIGN TECHNIQUE
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related to the fundamental mode. Exploiting the periodicity of FarField Distance
the monomode equivalent circuit of the filter, the image method Comidto  Open Ended

described in [16] is then used to determine a simple expression Trenaon Wavegude Fie

for the attenuation response

RF Signal
Generator

a(dB) = 8.686 n acosh <

— b
cos(Bl')— <XT +m%§ tan(Bd)
in( 8l Fig. 2. Experimental setup for transmission measurements of open-ended
.sm(/ ) ) waveguide filters in anechoic microwave chambers.

(6) all TEZ,, modes, which allows wider system ports very useful
in many practical applications. Traditionally, the design proce-
wheren represents the number of sections (ifeplane T-junc-  dure just explained for singly corrugated filters has also been
tions) of the filter,3 is the propagation constant of the fundagmployed for the doubly corrugated case, once the fundamental
mental mode) andg are physical parameters of the filter showinode wavelengthX, t:_) is replaced by the free-space wave-
inFig. 1(a), and’, X1, mr, andd’ are electrical parameters de{ength (\y) corresponding to TEM waves [4]. Unfortunately,
rived from the equivalent circuit of a filter section [3], [15].  this design procedure of doubly corrugated filters is based on
In order to maximize the attenuation response given by (§pugh approximations and does not usually provide very accu-
it can be simply deduced that tHeand!-parameters must takerate results. However, the physical dimensions given by such a
the following values: design procedure can be used as a good starting point to opti-
mize [with the help of a very accurate and efficient simulation

Ag,TE:, tool (see Section II)] the geometry of the structure in order to

d=— ip dr (") fuifill the electrical specifications.
_ )\U7TFJ1:0
l = 1 + 27 8) IV. NEW EXPERIMENTAL VERIFICATION PROCEDURE
f=fo

The new experimental setup implemented to characterize
wherefy is the central frequency of the stopband didli; are the transmission behavior of open-ended waveguide filters
again electrical parameters of the monomode equivalent circimside microwave anechoic chambers is depicted in Fig. 2. As
of the T-junctions, whose explicit expressions can be foundire can see in this figure, the filter to be measured is fed by
[15]. From such expressions, it is concluded that the valuesafcoaxial-to-waveguide transition connected to an RF signal
dr andlr depend on the physical parametersv, andb. The generator, which sweeps the whole frequency range of interest.
g- andw-parameters are fixed by the material dimensions. Witthe energy not reflected by the waveguide filter is radiated
regard to the value of tHeparameter, it must be chosen in ordeat free space through its open aperture. The receiver antenna,
to optimize (6), but taking care of not violating the validity rangevhich is placed in the far-field region of the system aperture,
of the monomode equivalent circuit (a higher valuéiofipliesa must explore the power radiated by the filter in any space
shorter distance between consecutive T-junctions, thus excitiigection, and delivers it to a spectrum analyzer synchronized
higher order modes not considered in the model). with the RF signal generator. In order to define a transmittance

Finally, as can be deduced from (6), the number of sectiongesponse of the filter, it is required that the experimental value
of the filter determines the level of attenuation, and it is, therbe measured in the direction of maximum radiated power,
fore, suitably chosen in order to fulfill the electrical specificawhich, for safety issues, must be kept within permissible levels.
tions of the filter. To remove the systematic errors caused by the measurement

The values of the physical parameters given by the desigystem just described, a reference calibration standard must be
technique are then inserted into the electromagnetic (EM) simaltosen and measured. The calibration standard proposed is a
lator based on the theory reported in Section Il, and the responséform waveguide section whose aperture dimensions are the
of the filter is finally refined with regard to specifications. Thissame ones of the entry and exit ports of the filter to be mea-
last step of the design technique can be of paramountimportasoeed. The length of the reference waveguide must be equal to
in those cases where the validity restrictions of the monomothe total length of the waveguide filter, so as to keep the same
equivalent circuit of the structure are not satisfied. distance between the radiating aperture and the antenna in both

On the other hand, a doubly corrugated filter has an addieasurements. The power radiated by the calibration standard
tional set of longitudinal slots cut through the transverse camust be measured again in all space directions, and the max-
rugations, as can be seen in Fig. 1(b). If the center-to-centeium value obtained is used to normalize the power emitted by
spacing of the resulting teeth is small in terms of the free-spatte filter in its direction of maximum radiation. The resulting
wavelength, this structure will be essentially isotropic, and willalue is the transmittance response of the open-ended wave-
have nearly the same characteristics for TEM waves propagatmgde filter, which provides the attenuation level introduced by
through it in any direction parallel to the web [5], [6]. Since anyhe filter structure under more “real” working conditions.

TE;,, mode can be decomposed into two of such TEM wave For those open-ended waveguide filters that only support the
components, a doubly corrugated filter designed to reflect baitkhdamental mode, it is obvious that the directions of max-
these TEM waves can avoid the leakage of energy relatediraum radiated power by the filter and the calibration standard
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will agree (normal to the aperture), thus simplifying the mea- 46

suring procedure previously described. Furthermore, in such 7 461, | 46l %
cases, the measured transmittance response should be similar 4,29 7.68 4.29

to the well-knownS5; -parameter. This property has been used -

in Section V to validate the new verification procedure proposed | 3.46
in this paper. Moreover, this procedure could be effectivelyused | —— — — — 9.52

to measure the transmission behavior of the aforementioned fil- |
ters with nonstandard dimensions for the input and output ports. /|V
|
|

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.

o

V. RESULTS

1S11| (48)

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,

Our analysis method

we first consider a singly and a doubly corrugated filter already o 0000 Theoretical from [17]

studied in the technical literature. Secondly, the property of 1 ##x% Experimental from [17]

modal independent stopband response of doubly corrugated v

filters for any TE?, , excitation is proven. Next, a singly and o n ;feqmy (@Hl? “ 15

a doubly corrugated filter for safety issues in open-ended

microwave industrial systems are designed, manufactured, and ()

finally measured. Fig. 3. Reflection coefficient §;,-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

A. Validation Results [17], respectively. All dimensions in (a) are in millimeters.
The first structure considered is the pure capacitive filter in
WR75 waveguide illustrated in Fig. 3(a). The simulated re- TABLE |
sponse of the reflection coefficient provided by our simulation  GeomeTrRY oF THEDOUBLY CORRUGATED FILTER CHOSEN AS A
tool is shown in Fig. 3(b), where it is compared with numerical VALIDATION EXAMPLE IN FIG. 4
and experimental results from [17]. An excellent agreement Blocks | 3x5 || w (mom) | 56.36
between our results and those of [17] can be observed, thus g (mm) | 14.88 || 1 (mm) | 28.79
fully validating the analysis tool developed for singly corru- d (mm) | 28.30 || b (mm) | 9.74

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), o]
only theTE3, (n =0,1,...,7)andTM;,, (n = 1,2,...,7) ]
modes have been considered at each waveguide of the filter. 20
The full-wave analysis of this structure has required 0.0034 s ]
per frequency point on a Cray Silicon Graphics Origin 2000 0]
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 1 ,
results reported in [4]. As can be seen in this figure, a very e A
good agreement between our results and the measurements is Frequency (GHz)
obtained in the whole band of interest, whereas a certain mis-

alignment between such measurements and the theoreticalFig-4- Transmission coefficier(tSs: -parameter) of the doubly corrugated
filter described in Table I. The solid line indicates our results, with dashed

sults from [4] is detected i.n the higher frequgncy range. Theﬁ%s and stars representing the theoretical and experimental results from [4],
results reveal the necessity of using analysis methods sucheasectively.

—— Cur analysis method
------- Theoretical from [4]
*% %% Experimental from [4]

1521| (@8)

-60

-80
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TABLE I
GEOMETRY OF THEDOUBLY CORRUGATEDFILTER THAT REJECTS THEENERGY o \tg/, |
ReLATED TO THE TE}, AND TEZ, EXCITATION 33

220 ]

blocks | 10x5 || w (mm) | 172.72
g (mm) | 13.97 || 1 (mm) | 17.27 ]
d (mm) | 29.21 || b (mm) | 6.29 407

1521| (@8)

-60

S TE}, mode GAM

*xxx% TE], mode HFSS
——————— TE} mode GAM
0000 TEj mode HFSS

the one proposed in this paper for the accurate full-wave char- 1

acterization of doubly corrugated filters. ]
For obtaining the accurate numerical results of Fig. 4, the first

60 TE* andTM* modes (sorted according to their increasing ol 0000 Tha mekHE

cutoff wavenumber) have been considered in each waveguide of 2 22 24 26 28 3

the filter. The numerical computations were performed again on Freavency (Ghz)

a Cray Silicon Graphics Origin 2000 platform. The full-wavéig. 5. Transmission coefficier{t52,-parameter) of the doubly corrugated

analysis of the whole structure only required a CPU time (e d°scTbedin b I Fhe soid andceshia Ines epesertour ransmsson

0.288 s per frequency point. represent the same responses provided by the commercial software HFSS.
Next, the property of modal independent stopband response

of doubly corrugated filters is verified. For that purpose, a filter TABLE il

with the geometry described in Table Il is considered, whichhas GeomeTRY OF THESINGLY CORRUGATED FILTER MANUFACTURED

been designed to reject the energy related tatg, andTE;, i

modes propagating through the access ports in the band of in- sections 5 3 v (mm) | 86.36

terest. _In I_:ig. 5, our simulated r_esults for the magnitude of the ggﬁﬁg 42:22 b((zﬁ)) ;i:ég

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 polesDesign and Experimental Verification of a Singly and

are placed at very close frequency points. The responses maubly Corrugated Filter

differ in the attenuation level, which can be attributed to the dif- A singly and doubly corrugated filter for open-ended mi-

ferentincident angles of the TEM waves related tdltig, and  crowave industrial systems have been designed. The electrical
TE3, modes. Infact, the higher the order of the mode, the highglguirements for both filters are a high attenuation level (greater
the incident angle, thus increasing the number of corrugatiofgn 60 dB) and a wide (about 150 MHz) stopband response
to be crossed. The authors would like to remark that they haygntered at 2.45 GHz. The dimensions of the material to be pro-
also numerically proven that there is no transmission coupliRgssed fix the values of 20 and 86.36 mm for ga@ndw-pa-
between the two aforementioned modes. _ rameters, respectively. These dimensions of the system gap (see

The previous example has also been simulated with the ol 1) only allow the propagation of the fundamental mode (i.e.,
mercial software HFSSand, for comparative reasons, the rerg= ) atthe access ports of the filters in the operating frequency
sults obtained have been included in Fig. 5. The comparispihge.
reveals a good agreement between our results and the HFS$he design procedure of singly corrugated filters explained
data, although a slight deviation in frequency is observed hg-section Il provides the optimum section length and corruga-
tween both responses. Such deviation can be due to the fact {gf height (- and d-parameters) once the remaining physical
the results provided by the finite-element commercial SimU|atBérameter39(, w, andb) are known. Since thg- andw-param-
are still not accurate enough.. Nevertheless, the authors have Qlrs are fixed by the material dimensions, the key point of the
served that the results provided by HFSS converge slowly d@sign procedure is the correct determination obtharameter.
their results if higher accuracy is requested. After performing an optimization strategy of the filter response,

A final study in terms of the computational effort required tQ final value of 24.00 mm was obtained for thearameter. Fi-
solve the last example has also been performed. To obtain fiy, three corrugated sections was revealed to be enough in
very accurate results of Fig. 5, our software tool has considerg@jer to satisfy the electrical specifications. The final values of
again the first 60I'E” and TM” modes in each waveguide ofy)| the design parameters are shown in Table IIl.
the structure, thus giving place to a CPU time of 0.888 s perthe singly corrugated filter designed has been manufactured
frequency pointon a Silicon Graphics Origin 2000 platform. Ofn terminated with standard WR340 waveguides for measuring
the other hand, the HFSS results required a CPU cost of 78R850ns (see pieces and final aspect of the manufactured filter in
per frequency point on a Sun Enterprise 3000 workstation. Thgy 6(a) and (b), respectively). In Fig. 6(c), the simulated re-
impressive result allows us to conclude that the code develogqgmse of the filter is compared with measurements performed
in this paper can be suitably used not only for analysis purpos@#n a network analyzer. From such a figure, it can be concluded
but also for real-time design procedures, where the use of VRt the analysis and design techniques of singly corrugated fil-
efficient analysis tools is a critical requirement. ters proposed in this paper are extremely accurate.

For the doubly corrugated filter, the traditional design proce-
IHFSS, HP-EEsof, Hewlett-Packard Company, Santa Rosa, CA 1998.  dure is used to determine an initial approach of the physical
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#¥kk Measurements
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=1
L

1S11],1S21] (¢B)

n
=]
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60

1.75 2 225 25 275 3 325
Fragquency (GHz)

0, b . ()

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

Theory

-104 *#¥%k% Measurements

0]

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.

-60"2 e In order to know a more “real” transmission response of the
Frequency (GHz) two previous filters, that is taking into account the effect of

© the radiation into free space, both manufactured filters were

Fio. 6. Magnitude of th ter ers of the sinal ed fil measured inside an anechoic microwave chamber following
1g. 6. agnitude of the scattering parameters ot the singly corrugatea titegr . I . .
manufactured. (a) Pieces of the filter. (b) General view of the whole structuﬁ'.e experimental verification procedure previously proposed

(c) Solid lines indicate our simulated results, and the stars are our own measufedection V. In Fig. 8(a) and (b), a comparison between the
results. transmittance response obtained in the anechoic chamber and
the S»;-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

IS111, 1521] (9B)
8

B
=)
L

.50 ]

TABLE IV
GEOMETRY OF THEDOUBLY CORRUGATED FILTER MANUFACTURED

blocks | 3x4 || w (mm) | 86.36 obtained under nonidentical load conditions, the agreement
g (mm) | 20.00 || 1 (mm) | 28.79 between them is indeed very good. These results confirm the
d (mm) | 28.39 || b (mm) | 16.00 good behavior of both filters even under more “real” working

conditions, and additionally allow to validate the new experi-

parameters. Using a refined optimization procedure, the fin@kental procedure in anechoic chambers proposed in this paper.
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 In this paper, the very important topic of microwave filters
integrating the filter is shown in Fig. 7(a). The simulated refor safety issues in open-ended waveguide systems has been

VI. CONCLUSION
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——— Anechoic chamber
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[S211, transmittance (dB)
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Fig. 8. Measured responses of the: (a) singly and (b) doubly corrugated
filters. (a)—(b) Solid lines represent the measurements obtained in the anechﬁ%
microwave chamber, and the dashed lines represent the measured results w R]
the network analyzer.

studied. For the most widely used structures, i.e., the singly an[éll
doubly corrugated filters, a full-wave analysis method based on
the GAM representation has been proposed. The accuracy aﬂg]
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 atsl
commercial simulator (HFSS). Next, a more accurate desigpn 4
technique based on traditional strategies and the new analysis
method has been fully described. The effectiveness of such pro-,

; X . : . 115]
cedure has been validated with the practical design of a smg@
and a doubly corrugated filter for continuous flow microwave[16]
industrial systems, which have finally been manufactured ant’]
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 guid
solutions for reducing the leakage of microwave energy.
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