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Abstract—A design procedure for bandstop filters in waveg- be inaccurate. Finally, cross coupling between modes at discon-
uides supporting multiple propagating modes is presented in this tinuities will cause a movement of energy between the modes
paper. The method utilizes a cascade arrangement of resonant yqughout the filter structure, resulting in a complicated re-

block structures” to stop propagation of a number of modes . . .
across a specific band. These filters find particular application s_pons_e that becomes as much a functhn of how_t_he f||ter IS €Xx-
in dielectric heating facilities. The design is a two-step process: Cited, in terms of modes, as the actual filter specification.

first, all the necessary block structures are assembled, and then  Solutions for microwave dielectric heating applications are
they are cascaded to realize an optimally small filter that fulfills  |imited to absorbing materials on the inside waveguide walls

specifications. Two examples of designed filters are discussed. i ; ; : ; .
Both achieve better than 40-dB attenuation over a 5% bandwidth or empirical design strategies, both having serious drawbacks;

in the presence of five propagating modes. The measured results ofSUCh as heat dissipation |_n the first case, and the need to start
one filter, realized at 19.1 GHz in WR-90, are shown to agree well each design from scratch in the second case. At present, no sys-

with the predicted performance from the mode-matching-based tematic synthesis procedure exists for the design of these filters.
analysis technique. This paper presents for the first time a systematic method of

Index Terms—CAD, multimode filters, waveguide. designing stopband filters in the multimode environment. Al-
though the method is capable of realizing a separate bandstop
filter for each mode at any frequency, the examples presented
here are designed to stop propagation of all modes across the

ESIGN algorithms for single-mode waveguide filtersame band.
have been in existence for decades, and can be regardelh principle, the design cascades a number of resonant “block

as a mature field of study. Recently, however, developmentssifuctures,” with each structure responsible for a propagation
commercial microwave applications, such as dielectric heatingjll at some frequency in the band for one or more modes. There
have posed new problems, specifically in the design of filteege two steps to the design. First, the necessary block struc-
in waveguides supporting multiple propagating modes. In thelsges must be found and the zeros placed at the right frequen-
applications, conveyor belts passing through a microwagées, then the structures must be cascaded correctly to ensure
heating cavity enforce permanent large openings in the cavibe shortest possible filter that fulfills specifications. The second
sidewalls, through which dangerous levels of microwave energiep is ideally suited to a genetic algorithm, though a very fast it-
can escape if not filtered. The minimum size of the input argfative process was also developed. All analyses are performed
output guides are limited by the objects that will pass througising the mode-matching method, which is ideally suited to this
the cavity, and are not under control of the designer. problem and is very well established in the literature [1]-[4].

Single-mode waveguide filters rely on the modeling of some This paper will start by introducing the prototype filter struc-
arbitrary waveguide discontinuity, illuminated by one propdure and give a very brief overview of its operation. Both steps
gating mode, as a lumped reactive circuit element, with tieéthe design will then be dealt with in detail. Finally, this paper
reactive energy stored in nonpropagating modes scatteredwily deal with the construction and measurement of a filter de-
the discontinuity. This approach fails in the multimode enviigned to stop all five propagating modes over a 5% bandwidth
ronment for a number of reasons. First, because of differen@eund 19.1 GHz in WR-90, and compare it with predicted per-
in field patterns, other propagating modes will not react to tdermance.
discontinuity in the same way and, therefore, will not have the
same equivalent circuit. Second, some of those modes that once Il. BASIC FILTER STRUCTURE

served to store reactive energy may now be propagating, anq’he major factor governing the shape of these filters is cross

cause even the circuit model for the single-mode excitation to - . e I
coupling between modes at discontinuities. Designing a band-

stop filter under such circumstances is highly problematic, as
a discontinuity that creates a null for one mode will excite a

. INTRODUCTION
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waveguide, and the energy is scattered to both modes at the
waveguide step that initiates the block structure. The different
line lengths are accomplished by using two modes with different
propagation constants in the same length of enlarged waveguide.
Since the dimensions of the waveguide step determine both how
the energy is split between the two carriers and what their prop-
agation constants are, and the length of the enlarged guide sets
the path length that the modes must travel before recombining,
it is clear that the performance of the block depends on a rather
complex relationship between dimensions. Section Il will show
how these structures can be found and selected to reduce phys-
ical size and/or dependence on tight manufacturing tolerances.
a) Block Structures in Waveguide The casca}ding of these bIo_cks is the second aspect of design.
In the electrical problem of Fig. 2, the length between the two
ﬁgdfs-zﬂ:D:D:[ ]__—D:ﬂ: sections was chosen to minimize propagation in the center of the
...... A 3 band. The required length is easy to calculate from the properties
b)Tx Line Analogue for N Modes of the two block structures and the propagation constant in the
connecting line. In the multimode environment, all four systems
pa1sr shown in this figure would share the same physical guide space.
T\ This greatly complicates the cascading operation for a number
A of reasons, but also provides opportunities to reduce the filter
size and even to improve its performance. This operation will
be detailed later.

Fig. 1. Typical filter structure, serving as a bandstop filterfdf10,20,01,11
andTM,; modes.

¢) Response of Mode i

3 TS|
ey i [ll. DESIGN STAGE |—FINDING THE BLOCK STRUCTURES
T \\ / The purpose of each block structure is to provide a trans-
- i 1 mission null for at least one mode at a specific frequency. For
Frequency small cross coupling, only symmetrical single- or double-plane

back-to-back waveguide steps, centered in the middle of the
primary waveguide, are considered. The geometry of a typical

block can then be described with three variable$, andl, as

discontinuities consisting of back-to-back waveguide steps s§pyicated in Fig. 1. Blocks at different resonant frequencies are
arated by lengths of uniform guide. When the steps are chosgycaded to generate, for instance, a Chebyshev distribution of

to enlarge the waveguide, they form block structures, whichansmission nulls for each mode. Two methods for finding suit-
if chosen correctly, can cause a null in propagation and uniy|e plocks are presented.

reflection in the multimode environment. A cascade of these
structures, each resonant at a different frequency, can build'&lp
a stopband whose attenuation is dependent on the number o
structures used. An example of such a structure for five propa-Since the block structure is described by only three variables,
gating modes is shown in Fig. 1. An important advantage of thisis quite possible to use a constrained grid search method. It
structure is that it does not obstruct the interior of the waveguidshould be noted that large cross-sectional dimensions often re-
This is most useful in microwave dielectric heating applicationsult in multiple resonances in the band, which could make for
where such an all stop filter is required to act as a choke.  a shorter filter, but will complicate the cascading process. The
Given the correct block topologies, there will be minimasearch typically results in clouds of viable geometries for each
cross coupling between modes of different propagation camode. An example for th@'E; mode in WR-90 at 19.1 GHz
stant. The design can thus be described by using a circuit analisgghown in Fig. 3.
such as is shown in Fig. 2. Ideally, the block would be chosen to be as short as possible,
Each transmission-line system corresponds to a mode (motlesugh it is clear that a high sensitivity to the height dimen-
with the same propagation constant, €ItfZ;; andTM;; often sion results from such a choice. At the cost of increased block
cross couple unavoidably and are grouped together). Incidéarigth, a better choice would be a geometry from higher up on
energy which is not reflected will be split between the two linethe map, where the gradient in terms of thidimension flattens
depending on their impedance relationships. If the line lengtbat somewhat. Also, a general petering out of viable geometries
can be chosen correctly at the right frequency, they will cauas thea-dimension increases, indicates areas where the prop-
the energy to recombine destructively at the other end, leadiagation zero might not be well defined, or the rolloff might be
to a zero in|S»y| of the structure for a specific frequency. Intoo sharp or jagged and, thus, not particularly suited for the stop-
the case of multimode waveguide, however, the two transmizand filter. More useful geometries can often be found in denser
sion lines are actually two propagating modes in the enlargackas.

Fig. 2. Circuit analog of the filter's operation.

ethod 1—Grid Search Method
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number of modes in the larger guidéor a sweep of the vari-
ablesa andb. W (m, m) is typically large, and the aim is to find
a cross sectiofu, b) for which all other values are small, except
for one other modeé = j. A figure-of-merit for rating various
geometries is shown in

-
N

-
o

Rmj(a,b) = |an|We(m,m)| — a;

Wab(jvm)”

N
+ Y alWam) ()

i=1,i¢(m,j)

=<

[=2]

I [m] —~ block length

~

Here [W,,;] is the coupling matrix for a specific step geometry
andb andJX is a large integery,. is a constant determined by the
attenuation of mode in the large guide at the design frequency
over a length of the order of the smaller guide’s dimensions
(the exact length is not crucial, as long as it is within a factor
of ten of the eventual length). Its purpose is to eliminate the
effect of nonpropagating modes that would not have a strong
influence over the length of the guide. Note that modes with the
same propagation constant= k andj = &’ must be grouped
One other important use of the map is to identify blocks th?égether by adding thel (k’,m) andW (k, m) values. For a
can serve more than one mode _simultaneously,. reducing QWeep of values andb, R can be computed very quickly. Lower
number of blocks and the size of filter greatly. This can be agy|es ofR,; indicate good geometries for resonance due to the
complished by superimposing two maps over each other and ggaraction of modes: and;. Fig. 4(bottom) shows a landscape
lecting geometries where the two maps overlap or come closefgt of R for creating a null in mod&E, with the aid of modes
each other. All the designs presented here use some blocks q‘ﬁyTMn, where the higher points correspond to geometries
exhibit this property. Of course, this practice complicates thgat will not lead to a resonance for that mode at any frequency,
cascading process somewhat, as two such blocks can seldorgQthe lowest points correspond to the most probable resonant
placed a distance apart from each other that favors all the rggometries. Once a cross section is determined, the length of
onant modes by reducing propagating between the nulls, agig plock can be calculated by iteration from a starting value

0.04

a [m] - block width b [m] - block height

Fig. 3. Map of viable geometries f@rE,, in WR-90 at 19.1 GHz.

desired. that causes modes and; to fall 180" out of phase.
) ) Fig. 4(top) shows a flattened version of the map, with the
B. Method 2—Coupling Matrix Method I-dimension removed, produced by the grid search method to

The principle of destructive signal recombination describaustrate how the two methods lead to the same viable values
above can be used to derive a more elegant alternative metlbd andb. Close inspection of Fig. 4(bottom) shows that reso-
of designing the block structures. This method is based on B@&nces reported by the grid search method concur with values
observation that the incident energy from the primary wavef It below some critical value, i.e., normally around 0.7. Note
guide should split roughly evenly between only two modes ihat the coupling matrix method works over a rather large band
the block for optimum cancellation. The higher of these twef frequencies, implying that block structures for a particular
modes can be either propagating or evanescent. mode will generally be of the same shape. Choosing geometries

To find geometries that accomplish such a split, the frequenthat correspond to low values from Fig. 4(bottom) will, there-
independent coupling matr[} ] matrix is used [4]. This matrix fore, lead to good resonant blocks.
is generated in during the mode-matching analysis of a wave-Since computation of thg#¥| matrix involves no matrix in-
guide step and relates the spatial correspondence of differeetsion or frequency dependence, this second method is much
modes on both sides of the step, with a large valu@¢fr,») quicker than the grid search method.
indicating a strong spatial correspondence between moie
the larger guide and modein the smaller guide. Each element  1V. DESIGNII—CASCADING THE BLOCK STRUCTURES

of [W] is only dependent on the cross-sectional dimensions, andrye plock structures from stage | can be cascaded in a number
can be calculated by of ways to form a filter. Two proven approaches are presented

P here. The first uses approximated design rules based on the
W(n,m) = / / (e x 7)) - dz. (1) s-parameters of the individual blocks, to calculate the required
5B length between resonant or adjacent blocks. The second allows

Here, thee and/ vectors correspond to the normalized nonfrethe entire filter structure to evolve from simple one- or two-
quency-dependent spatiB+ and H-field patterns on different block structure configurations using a genetic algorithm.
sides of the step; is the direction of propagation, antdand B ,
designate the larger and smaller guides, respectively. A. Design Method 1—Tree Search Method

Assuming now that it is desired to stop mogein wave- Assuming that cross coupling is typically limited to modes
guide B, a number of the columnd’ (i, m) are computed for a with the same propagation constant, and that blocks that do not
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Flattened Map Produced by Search Method
- TE20 mode at 19.1GHz in WR-90 -

—_

Block3 Block2
“‘““””'«-.A\

Fig. 5. Tree search algorithm for four blocks.
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not strictly accurate, is still usable and provides a good idea of
the necessary length.

L S In addition to the above procedure, a minimum separation

: : distance can be determined. When adjacent blocks are placed
too closely together, nonpropagating modes excited at the block
edges by a resonant mode may not be attenuated enough over
the short length of connecting guide and can interact with the
0.035 adjacent block, often causing undesired results. The following
second condition, therefore, has to be adhered to:

- N

Condition 2: exp ( — ailap) < 1).

91/Occurrence

a[ml  Here,q is the attenuation of any nonpropagating mode excited
by block A or B. Ensuring that this value remains below about
b[m] 0.2 for strongly excited nonpropagating modes will work well
Fig. 4. Plot of the rating function for th€ E., mode with geometries found for most designs. . .
with the grid search. When blocks for a specific mode are cascaded according to
condition 1, long sections of guide are typically left between

. . . . blocks. These sections could be used to house a resonant block
resonate for a particular mode do little to affect its propagathﬂ another mode without seriously affecting the filter perfor-

beyond a phase change and a slight attenuation, it Is posgbl%@nce, reducing the sizes of most filters by more than one-half.

specify tth;e ideal etllectlrlcal désta?_(t;es betwee? bIOka sgucturﬁﬁer size can also be reduced by using one block to generate
resonant for-a particular mode. 18 -parameter ot moder -, 4.5 4qmission null for two modes. Implementing these refine-

of a cascade of two block structurasand 3, may be calculated ments does, however, make it extremely difficult to find a final

from the individual blockS-matrices for moden configuration of blocks that obeys both conditions well.
P While it is possible to use the design rules to build up a filter
PR S31551€¢7 9=—p.1 ©) by hand, it can become quite time consuming. It seldom assures
T 1S4 SB e B ar a particularly short filter and can become completely unwork-
22911 par y pletely
_ ) _ able if the number of blocks is very large. The problem can be
where 3 is the propagation constant of mode in the con- go)ved by machine with the use of a recursive tree search algo-
necting guide and., s is the total length of connecting guideyjinm_ Fig. 5 illustrates its operation in the search for viable filter
that separates the two blocks. As the aim is to miniize}, 8 configurations with four blocks. A particular instance of the al-

0012 0014 go16 0.018

first design condition can be stated as follows gorithm R, is given the existing filter structure and the re-
maining blocks to cascade it then uses the conditions described
Condition 1: angle (5512513%163'20) = . above to assess the viability of cascading each available block

structure with the existing series of cascaded blocks. If a block

This condition forms the basis of calculatihgz, and always can be cascaded, the optimal cascading length is calculated, and
applies between two blocks, which resonate for the same moH & new block is incorporated in an updated structure, which is
even if they are separated by other structures that are not re(g;@'ssed to a new instance of the algorithm, with one less available
nant for that mode. In such cases, the equivalent electrical lengtick structure to cascade. A short description of the algorithm
of the interposing block(s) is calculated by summing the anglslisted.

of s9; of the individual block(s) for the mode in question. Inthe 0. Initiate Algorithm—Recall available blocks and cur-
case of modes that exhibit cross coupling, this formula, though rent (partial) filter structure.



2500 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

1. Loop over all available block(sk =1,...,N ) Convergence of Genetic Algorithm over 100 Generations

la. Find required cascading length of bldckrom cur- * ’ ’ !
rent structure according to cascading criteria.

1b. If required length is too short or long, or if there
are seriously conflicting requirements from different
modes, skip to next available block (Step 2).

1c. Otherwise place block at the optimal cascading
length to create a new (partial) filter structure.

1d. If N = 1 (the last block has been placed), save new
structure as a viable configuration.

le . Otherwise, call a new instance of the algorithm with
the new structure, and block removed from the
available block list.

-—— Population size: 500

= Population size: 1000

= = | owest Possible Value
(from design ideal)

|
N
(&)
T

1
W
o

T

1
w
a

T

Peak |S21] over all Fregs. and all Prop. Modes

2. Move on to next available block—return to step 1. B e R e R L ey
The algorithm above executes extremely quickly as it does nc 45, 20 v 60 a0 100
have to do any intense numerical work or work with all the Generations

permutations of possible block configurations. It builds up vi-
able configurations in a branch-like fashion, rejecting at an eafiig- 6. Performance of the genetic algorithm.
stage in its development any configuration that is not usable
(—e). The shortest viable configurations are then optimized and
the best one selected. Optimization can be easily and quickl
performed, as the fulk-parameters of the blocks are already

known. 1400

Histogram of peak |S2 1[ distribution after 100 Generations

120 -
B. Design Method 2—Genetic Algorithm
100 -

The problem of finding a good configuration of block struc-
tures is an ideal challenge for an evolutionary approach. Thi
main reason for this is the ability for the complexity of the mem-
bers of the sample population to be increased by adding mor
blocks to certain individuals. If the genetic algorithmitselfisal- 40}
lowed to do this, it will favor increasing complexity at the cost
of length, provided performance is enhanced. Furthermore, th 207
typical challenges of genetic algorithms, namely that of mod-
eling reproduction and competition in a meaningful way, is rel- % 5 30 -25 -20 -5 -10 5 0
atively easy to accomplish with this problem. Peak IS;| [08]

Since the performance of a specific configuration is depen- o
dent on part or parts of its structure, general good qualities of PealSz | distribution.

p p 9 g q
a population member will proliferate if, in reproduction, seg-
ments of its structure are combined with other structures to prgrosen instead on the basis of their total physical length in order
duce the new structure. Simple replication of a structure witb encourage the evolution of short filters.
some changes is also viable. The code that was implemente@he algorithm was successfully used to generate alternative
used a combination of both approaches to produce new strdesigns for the 19.1-GHz example filter to be presented in the
tures. The single replication approach allowed either additiéallowing section. Fig. 6 shows a plot of the pep,| over
of a new block (from a pool of available blocks), subtractioall frequencies and propagating modes of the best member of
of a block from its configuration, changing of lengths betweetine population for each generation. Considering that the lowest
blocks, and the swapping of blocks in a specific configuratiopossible value is-41 dB, the fact that the genetic algorithm
This type of reproduction was favored in the initial stages egaches this value to within only a few decibels before leveling
the evolution, while the structures described by the configuraff confirms its suitability for this problem.
tion were still quite small and simple. In later stages, reproduc-Fig. 7 is a histogram of the peak.; | distribution over the
tion favored the combination of two random parent configurasest 500 members of the 1000 strong populace after 100 gen-
tions with parts of their structures combined with minor rando®rations. Clearly, most of the filters/populace have evolved to
changes in certain lengths. yield a peak value of close te40 dB at this time. Fig. 8 is

Competition between members of the population was accomhistogram of total filter length distribution after 100 gener-
plished by pairing random configurations and eliminating thations. Most filters have settled to a length around 110 mm,
one whose peaks,; | over all the modes and all the frequencies/hich is the same length as that of the example filter of the fol-
was the highest. Competitors with similar performance welewing section, which was designed using the nonevolutionary

80 -

populace
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Fil W i i
Histogram of Filter Length Dstribution after 100 Generations her Structure (Waveguide interior)
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Fig. 9. 19.1-GHz filter physical structure.
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Fig. 8. Total filter length distribution.
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methods discussed above with exactly the same blocks and sp
ifications. -20

In this simplified algorithm, no rules were used to determin_,,
the lengths between adjacent blocks (this was purely randol
with such measures, as well as a reproductive system that loc-8°
more closely at what aspects of the structure are favorable a g, 80 /\/
actively pursues in maintaining them, the algorithm would con

19 19.5 185 19 19.5

verge faster and to a better value. Once again, optimization can'®
be used on the suggested configurations to reach specificationg,10. SimulatedS.: | for all modes.
and this is again to a small degree as the suggested structures
perform well from the start. POWER THROUGHPUT - Monte Carlo Run [S21,,, for random modal excitation

Another aspect of genetic algorithm’s flexibility can be use. 0 , : : : : ;
to great advantage here. The pool of available structures ne¢ : '
not only be limited to those that are required for the filter t
just reach specification. More blocks, with transmission zerc
at different frequencies, can be included with a strong penal
for total structure length, and the algorithm can be used to deci '3-30 L
which blocks to use and which to ignore. Another enhanceme
is to include smaller block structures whose only purpose is %5'40 r
provide phase lag or lead to certain modes. Such structures g o
perceived as advantageous, would then be incorporated in 2
populace. I

The cost of the genetic algorithm approach is increast
design time since each new member must be analyzed w -70f
the generalized scattering matrix formulation. Fortunately, tt : ,
blocks are already analyzed, thus, all that has to be done is s 186 188 19 192 194 196 198
cascade them according to the specified block configuratic... Frequency (GHz)

The total execution time of the genetic algorithm is no more .
9. 11. Worst-case power transmission.
than a few hours.

Solid Line = Filter Res~
-40 s ponse

Dotted Line = Speci—
-60 fication

WR-90 with the same specifications and number of propagating
modes. Fig. 10 shows the simulated transmission parameter of
The technique was used to design a filter at 2.45 GHz, showach mode, while Fig. 11 is a simulated graph of the perfor-
in Fig. 1, with an attenuation of better than 40 dB over a 5¥hance as measured in terms of the ratio of total output power to

bandwidth in a guide of cross-sectional dimension, 150 mim total input power for a number of random incident modal excita-
100 mm, which supports five propagating modes at the desitjons, shown in a Monte Carlo plot. This analysis assumes that
frequency. incident power will be distributed in an unknown fashion be-
In order to verify the analysis and design techniques, a scalegeen the modes—the worst-case distribution provides an upper
down version, shown in Fig. 9, was redesigned at 19.1 GHzlwoundary of the plot and gives an idea of the maximum power

V. PREDICTED AND MEASUREDRESULTS OF ASAMPLE FILTER
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Predicted and Measured: Mode TMy1 o Predicted and Measured: Mode TMy11
0 L A 0 ! '
-10f-
-20
-30
& _ -40
S, m
= e
f = ) S R . R R I RPN RIS
%) o
- [2)
: : f g E 5 g E 7ok N/
|...| — Predicted . . L N R ] : : :
80 . : —80F - i AU U S SRR
90} - D e O e : ' = Measured .
~90 Lo | — Predicted |-
-100 i i i i i i i i :
182 184 186 188 1.9 192 194 196 1.98 2 ~100 i i i i i i i i
Frequency [Hz] x 10'° 182 184 18 1.88 1.9 192 194 196 1.98

Frequency [Hz] x 10"

Fig. 12. |Ss1|-modeTM,,;,—measured.
Fig. 14. |S21|-modeTM,;—measured.

Predicted and Measured: Mode TMy20

0 f ' f ; ' ! ' f matrices by only a few terms, equal to the number of modes that
_qob . |~ Predicted | © oo o] are excited, which can be characterized by the same number of
: through measurements. When the devicg-under-test (DUT) is
-20r S ' N ’ ’ also measured in cascade with a number of lengths of wave-
_30 guide, the transmission parameter for each mode can be ex-
tracted. Note that this is an approximate measurement, but large
= -4or numbers of statistical analysis of the method showed it to be
2 s accurate down to 60 dB, as long as the loads terminating the
@ feeding guides show reflections of less than 30 dB to the main
-60r guide, for all modes. A detailed description of the underlying
_70- theory is unfortunately beyond the scope of this paper, but it
will be presented in a separate paper.
-8or The measured results for tHEM, 19, TM, 20, and TM,1;
—90} modes for this filter are shown in Figs. 12—14, together with the
predicted responses. These three modes are excited by simple
-100

02 184 186 188 19 192 194 198 198 2  probe coupling and are, therefore, the easiest to measure. To
Frequency [Hz] x10'° measure the two oth&E, modes, aperture coupling should be

used. It is clear that the transmission parameters are all below

—40 dB across the band, with good comparison to the predicted

) ] results in most cases.
that will be allowed to propagate through the filter under the

worst conditions.

The measurement of these filters are by no means trivial,
due to the number of propagating modes. For instance, findingThis paper has introduced a new method of designing multi-
the scattering matrix of the embedding network, consisting ofode bandstop filters in oversize waveguide. The design uses
a simple coaxial to waveguide transition, entails the determirmaultiple resonant block structures that stop propagation of one
tion of a 6 x 6 complex matrix containing 21 different valuesor more modes at a particular frequency in the band, and cas-
When this is viewed against the single-mode case, where onbdes them to build up the entire desired stopband. The filters
three separate values need to be determined, the magnitudarefparticularly suited to applications where the interior of the
the problem becomes clear. In addition, due to the stopband naveguide cannot be obstructed by, for example, pins or septa,
ture of the filter, both the well-knowrk-spectrometer [5] and such as would be required of a choke for microwave dielectric
far-field radiation pattern [6] methods for measuring modal coleating applications.
tent cannot be used, as the amplitudes of the modes exiting th&wo design aspects were identified. The first involves finding
filter is very small. the required block structures. Two methods, one based on a grid

A completely new measuring procedure was, therefore, dearch and one based on knowledge of the block’s operation,
signed, using small probe coupling into waveguides terminategre detailed and their results compared. The second design as-
atone end. This makes it possible to approximate the embeddiagt involves cascading the block structures to yield a short, but

Fig. 13. |S21|-modeTM,zo—measured.

VI. CONCLUSION
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workable filter. Once again, two methods were proposed. T!
first uses a recursive algorithm that builds up viable configur.
tions using simple design conditions. The second uses a gen
algorithm that evolves a population of filters from simple one- ¢
two-block structures to compleX -block structures that strive
to fulfill the filter specifications. The methods were compare
and evaluated in terms of execution time and flexibility.

Finally, two filters designed and constructed to test the an:
ysis and design principles were measured and found to agree,
within the limitations of the measurement method, with the pre-
dicted results.

Further research will examine the genetic algorithm approa
more closely and attempt other types of filters using the sar
approach.

Rl =
Lty |t
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