2824

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 12, DECEMBER 1995
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Abstract—A full wave model of conducting posts in rectangular
waveguides yielding their generalized S-matrix is presented. By
cascading the generalized scattering matrices of the posts and
waveguide discontinuities, slot couplings between two combline
resonators are obtained. The validation and accuracy of the
method are confirmed by comparing the numerical results with
measured data. It is shown that both electric and magnetic
couplings can be obtained by changing the slot positions, and
the electric coupling is more sensitive to the tuning screw than
magnetic coupling, A 6-pole slot coupled combline filter with
asymmetrical transmission zeros is designed and built. Excellent
filter responses are obtained.

1. INTRODUCTION

' ITH RAPID DEVELOPMENT of mobile communica-

Wtions, the requirement for compact, low-cost, and high
performance filters is increasing. One class of filters with these
merits is combline filters. The conventional combline filter
consists of a set of metal bars, properly spaced, grounded at
one end and loaded by lumped capacitors or open circuit at
the other side [1]. The synthesis and design procedures for this
kind of filters were studied intensively [1]-[6]. The comblines
are viewed as coupled TEM mode transmission lines.

In some cases, for instance, in design of a combline filter
with narrow bandwidth or with transmission zeros to improve
the selectivity, irises between resonators may be used (Fig. 1).
The irises control the couplings which could be magnetic or
electric. Some experimental results of slot coupling between
90° combline resonators are shown in [7]. However, there are
no accurate modeling of the coupling in the literature.

Modeling slot coupling of combline resonators can be
achieved by solving the problem of conducting posts in
rectangular waveguides. Although, extensive research work
has been published on this subject [8]-[12] using different
methods over the past few decades, the results are not suitable
for the posts in evanescent mode waveguides which is the
case of combline filters. Most of the previous work is based
on the assumption that TE;y mode is a propagating mode
in the rectangular waveguide. On the other hand, for slot
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Fig. 1. Configuration of slot coupled combline resonators.

()

Fig..2. Configuration of a centered post in a rectangular waveguide.

coupled combline filters and many other applications such
as interdigital filters [13] and stepped-wall evanescent mode
waveguide filters [14], the conducting posts are usually used
in conjunction with other waveguide discontinuities such as
irises and steps. In these cases, it is desired to model the posts
as a key building block with its generalized scattering matrix,
so that a cascading procedure using S-matrices [15], [16] can
be applied to solve the complicated problems encountered in
filter designs regardless whether the posts are in propagating
or evanescent waveguides.

This paper applies the orthogonal expansion method [17],
[18] to characterize the generalized S-matrix of a conducting
post in a rectangular waveguide (Fig. 2). The convergence
and accuracy of the numerical solutions are examined. For
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filter applications, a cascading procedure using generalized S-
matrices is employed with proper terminating conditions to
calculate the resonant frequencies and the slot coupling coef-
ficients of combline cavities. Comparison between numerical
and experimental results shows the validation and accuracy
of this method. As an application of the modeling, a 6-pole
slot coupled combline filter with finite transmission zeros
and asymmetric insertion loss response is designed, built, and
tested. Excellent filter response is obtained.

This method can be extended easily to the analysis and
design of interdigital filters and evanescent mode waveguide
filters.

II. SCATTERING FROM CONDUCTING
POSTS IN RECTANGULAR WAVEGUIDES

Consider a centered conducting post in a rectangular wave-
guide shown in Fig. 2. By introducing an artificial cylindrical
boundary at p = a, one can divide the whole structure into
three regions: a cylindrical interaction region (p < a) and two
waveguide region W, and Ws. The cylindrical region consists
of two subregions: region I (p < rg, b1 < y < be) and region
II (ro < p <a, 0 <y <b). The transverse fields with respect
to g direction in each cylindrical region can be expanded as
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where J,, and Y,, are Bessel functions of the first kind and the
second kind, respectively; s == I or II; Di"] =0 (¢ =eandh).
Eotn, and h21  represent the transverse electric and magnetic
eigen fields of TE, mode (¢ = h) or TMy mode (¢ = ¢)
of parallel planes bounded in y direction in the cylindrical
coordinate system (p, ¢,y).
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In the waveguide regions, the transverse fields with respect
to p direction are linear combinations of the transverse fields
of waveguide eigenmodes including both forward (F) and
backward (B) waves
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where ¢ = e and h represent TM and TE modes in the
waveguide, respectively. The transverse ﬁelds of an eigenmode
are given by
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The other components of the fields can be found from the
z-components.

To solve the scattering from the posts, the boundary con-
ditions have to be satisfied across two cylindrical boundaries
p = ro and p = a. Enforcing the continuity of the tangential
fields at boundary p = 7y and properly defining the inner
products, one can readily obtain a matrix equation with the
following form

) g1 5] =0 ®

C! and D! are field coefficient vectors with element C:LI]q and
Dflqu (¢ = e, h), respectively. [MZ] and [MP] are diagonal
block matrices of size N x NI where N1 is the total number
of eigenmodes used in cylindrical region II. Each block matrix
corresponds to the inner products of the eigenmodes with same
¢ variations. Since both region I and region II are cylindrical
regions, mode orthogonality can be applied and all the inner
products can be obtained analytically.

At the artificial boundary p = a, the field continuity requires
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Where A®) and B® are vectors with elements of A% and
Bffgq (£ = 1,2; q = e, h), respectively. [A]’s are diagonal
matrices of size NI x NI with elements determined by the self
inner products in region IL. [M(9]’s and [T9]’s are sparse
matrices of size N x N(© where N is the total number
of modes used in waveguide region £ (£ = 1, 2). The nonzero
elements of the matrices are determined by the mutual inner
products between the eigenmodes with the same y-variations
in the waveguide regions and region II. The mutual inner
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Fig. 3. Convergence of S-parameters of a metal post in a propagating
waveguide with different number of modes used. 2a¢ = 0.9", b = 0.4",
b1 =0, by = 0.1, rg = 0.125”, and f = 10 GHz.

products contain integrations of the following forms

3 mm
_ i [COS(ZE (2 + a)) | fcos(ng)
g /——g— P {sin(%(m—ka)) sin(ng) de-
12)

To evaluate the integrations efficiently and accurately, the
Bessel-Fourier orthogonal expansions [17], [18] can be ap-
plied.

Once the inner products are calculated, one may obtain the
following equations from (11)
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where p = 1,2 and V = F, B.

The generalized scattering matrix [SF] of a cylindrical post
in a rectangular waveguide can be finally obtained from (8)

and (13)
32]- (a2 1) RS oo

For self consistency, the numbers of eigenmodes used in the
waveguide regions and cylindrical region II have to be selected
to meet the following two conditions: 1) the number of modes
in region II equals to the sum of those in waveguide regions
W, and Wy, that is NI = N 4+ N(2: 2) the number of
the modes with same y-variations in region Il equal to those
in the waveguide regions.

A computer program has been developed to calculate the S-
matrix of conducting posts in rectangular waveguides. Fig. 3
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Fig. 4. Convergence of S-parameters of a metal post in a propagating
waveguide with different radius of post. Dimensions same as those in Fig. 3.
N, = 6.

TABLE I
COMPARISON OF NUMERICAL RESULTS OF
S-PARAMETERS OF A POST wiTH EXPERIMENT
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L

Numerical Experimental {8]
b Su1 S21 Su St
0024  0.99774£-142.593 0.06721£-52.593 0.99743£-142.494 0.07163£-52.494
0048 0.98889./-141,170 0 14867.£-51.170  0.98865£-141.141 0.15022£-51.141
0.100 0.95290£-138.527  0.30328.-48.527 0.95253.£-138.445 0.30445£-48.445
01992 0.767174£-126.016  0.64382./-36.016 0.75403£-125 142 0.65684.£-35.142
0300 0.31647£-102.157 0.94860.£-12.157 0.30978£-101.635 095081£-11.635

2a=09", b=0 4", br=0.0, r=0.125", f=10 GHz, Nx=5, Ny=6

presents the convergence of the dominant mode S-parameters
of posts in a propagating waveguide varying the numbers of
the modes used in the waveguide, where N, and N, are
the mode index numbers in z-direction and y-direction in
the waveguide, respectively. The convergence with different
radii of the posts is shown in Fig. 4, where S}, represents
the reflection obtained under the conditions of N, = 7 and
N, = 6. It can be seen that even for a thick post, N, =5and
N, = 6 are sufficient for the dominant mode S-parameters
of posts in a propagating waveguide. However, for posts
in evanescent mode waveguides, a larger Ny is required to
ensure convergent results, A comparison of the numerical
results of the dominant mode S-parameters of a post with
the experimental results given in [8] is presented in Table I
showing excellent agreement.

III. APPLICATIONS TO SLOT COUPLED COMBLINE FILTERS

A Computatl:on of Slot Coupling

The two slot-coupled combline resonators shown in Fig. 1
can be considered as a cascaded structure. The S-matrix
network representation of the structure is given in Fig. 5,
where [SF] and [S'] are generalized scattering matrices of the
first and the second resonators, respectively, [ST] represents
the scattering matrix of the slot which can be readily obtained
by full wave mode matching method [19]. With the knowledge
of [SP], [ST'], and [SP], a cascading procedure using S-
matrices [15], [16] may be employed to obtain the eigen
equations for the resonant frequencies of two slot-coupled
combline cavities. When the two coupled cavities are identical,

[sP] [SP] (s¥]
Fig. 5. S-matrix network representation of slot coupled combline resonators.
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Fig. 7. Field distributions along y at the end wall of a combline cavity with
80° rod length. the other dimensions same as that in Fig. 6.

PEC and PMC may be used at the symmetrical plane to
simplify the coupling computation [20]. Otherwise, a short
and an open circuit conditions have to be realized at one end
of the network successively to obtain two zeros (f.1 and f.2)
and one pole (f,) of the transfer function, respectively, from
which the coupling coefficient can be computed as

2 2
2 2 2
f12 fp .le fz2 (16b)

Fol(Far® + f27) — f P 2™

Fig. 6 gives the numerical and experimental results of the
resonant frequencies of a single combline cavity as a function
of the length of the metal rod. Fig. 7 presents the field
distributions along y direction at the center of one end wall of
a cavity, which qualitatively indicates where a slot should be
located in order to have electric or magnetic coupling. Fig. 8
gives the coupling coefficients of a slot between two identical
combline cavities. Both magnetic and electric couplings are
obtained by changing the dimensions of the slot, but the
maximum value of electric coupling is limited. Similar result
was shown experimentally in reference [7]. To obtain electric
coupling, the length of the metal rod has to be greater than
45° and the slot has to be placed at the open side of the
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rod. Numerical results also show that the electric coupling
and resonant frequencies are more sensitive to the tuning
screw depth (b1) than the magnetic coupling. This frequency
dependent behavior of different couplings is shown in Fig. 9.
In this figure, fo and mg represent the resonant frequency and
the slot coupling without the tuning screw (i.e., by = 0).

B. Design and Realization of Slot Coupled Combline Filter

As an application of the modeling, a 6-pole slot coupled
combline filter centered at 915 MHz with 28 MHz bandwidth
is designed. The filter is required to meet the specifications
for a base station mobile communication network of 30 dB
rejections beyond 890 MHz and 930 MHz. By applying the
synthesis procedure introduced in [21] in conjunction with
optimization, the following coupling matrix to be realized is

0.052",
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tapped IO

Fig. 11. Schematic configuration of the 6-pole filter realized by slot coupled
combline cavities.

obtained
0.025 0.773 0.0 -0.12 0.0 00
0.773 0.0  0.536 0.0 0.0 0.0
M- | 00 0536 —003 -0.042 0528 0.0
—0.12 0.0 -0.042 1.007 0.0 0.210
00 0.0 0.528 0.0 0.0 0.767
0.0 0.0 0.0 0.21  0.767 0.075
Ry =0.949, Rg = 1.002.

The ideal response of the designed filter is given in Fig. 10.
The realization of the designed coupling matrix by combline
cavities is achieved by the schematic configuration shown in
Fig. 11, where cavity 1, 2, 3, 5, and ‘6 form a Tchebyscheff
filter, and cavity 4 is used to provide the transmission zeros
at both sides of the pass band. The lengths of resonator rods
are selected around 80° to ensure enough electric couplings.
The slot dimensions are determined by the method described
in the last section to give the required couplings for each slot.
Since the modeling does not include the interactions between
slots, fine tuning of the slot dimensions is needed to minimize
the return loss in the pass band. The designed filter is built
and tested. The measured response of the filter is shown in
Fig. 12. Fig. 13 presents the measured Tchebyscheff response
of the filter when cavity 4 is detuned completely.
Comparing the ideal response in Fig. 10 with the measured
response in Fig. 12, it is observed that the transmission zero
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Fig. 13. Measured Tchebyscheff response of the filter when cavity 4 is
detuned.

at the low side of the pass band of the measured response
moves to lower frequency. The reason may be the dispersion
of combline resonators.

IV. CONCLUSION

A rigorous method for computing the generalized scatter-
ing matrix of conducting posts in rectangular waveguides is
presented. By cascading the generalized scattering matrix, slot
couplings between combline cavities are computed. Numerical
results for both resonant frequency and coupling coefficient
agree well with experiment. It is shown that both electric and
magnetic couplings can be obtained, and since the electric
coupling slot is adjacent to the tuning screw, the electric
coupling is more sensitive to the tuning screw than magnetic
coupling. A 6-pole slot coupled combline filter with asymmet-

2829

rical transmission zeros is designed and built. Excellent filter
responses are obtained.

The modeling methods can be easily applied to analyze
the interdigital filters, the evanescent mode series coupled
waveguide filters, and waveguide filters using inductive posts.
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