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Modeling of Generalized Coaxial
Probes in Rectangular Waveguides
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Abstract— A rigorous approach combining the orthogonal ex-
pansion method for modeling cylindrical posts in rectangular
waveguides and the extension of the three short plane technique
is introduced to obtain the S-matrix for a general coaxial probe
in a rectangular waveguide. A cascading procedure is applied to
solve the problem of a probe near a waveguide discontinuity and
to obtain the response of a probe-excited band pass filter. The
computed results are in excellent agreement with the measured
results showing the usefulness of this method.

1. INTRODUCTION

N IMPORTANT problem in many microwave applica-
tions is to characterize coaxial probes in rectangular
waveguides. Two commonly encountered configurations
are coaxial line-waveguide T-junctions and coaxial line-
waveguide transitions (coaxial probe excited semi-infinite
waveguides). The two configurations are closely related.
Over the years, considerable effort has been made to solve
the problems [1]-[5], [18]. In analysis in [1], a variational
method is used to obtain the expression of input impedance
for a coaxial probe in a rectangular waveguide by assuming a
single modal current located at the center of the probe. This
assumption leads to inaccurate results for a thick probe. Using
multifilament current approximation in the method of moment,
[3] improves the accuracy of impedance computation and
shows that the probe surface current has significant azimuthal
variation. However, [3] neglects the effect of the end surface
of the probe. In [2], an image theory is employed to develop
a closed form expression of input admittance for a hollow
probe in rectangular waveguide. A dielectric coated probe in
waveguide is studied in [4] and [5]. A disc-ended probe is
studied in [18] by a field matching method. Similar to [1], the
work in [2], [4], [5], and [18] is based on the assumption that
the current (or field) on the surface of the probe is uniform
in angular distribution. Besides, all the above analyses were
focused on computing the input impedance (admittance) of a
coaxial probe in a rectangular waveguide. However, in many
applications, for instance, in designs of probe excited cavity
filters and coax-waveguide T-junction manifold multiplexers,
it is essential to have the S-parameters of the transitions and
the T-junctions. In particular, in the case of a probe located in a
section of evanescent mode waveguide, such as a probe excited
evanescent mode cavity filter, or a probe near a waveguide
discontinuity, it is necessary to know the generalized S-
parameters of the coaxial probe in the waveguide in order
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to design the probe accurately. Limited investigation has been
published for such cases. In [6], two-port S-parameters of a
coaxial line to waveguide transition is analyzed by three cavity
moment method assuming one propagating mode in both the
waveguide and the coaxial line. This analysis is valid for a
thin probe with simple shape and is incapable of computing
generalized S-parameters.

Recently, the orthogonal expansion method has been suc-
cessfully applied to solve the scattering by dielectric cylin-
drical posts in rectangular waveguide [7]-[9]. Similar method
is also vsed in [10]. This method provides the generalized
scattering matrix and yields very reliable and accurate results.
Since the cylindrical post region is treated separately, the
method is flexible.

In this paper, a new approach, which combines the
orthogonal expansion method and the extension of the three
short plane technique [11]-[13], is introduced to model
the generalized S-parameters for more general structures of
coax-waveguide 7'-junctions and transitions. The generalized
S-parameters are obtained for all the higher-order modes
present in rectangular waveguides, but only for dominant mode
in coaxial lines. Theoretically, there is no approximations in
the method and no limitations on the thickness of the probe.
The convergence of the numerical solutions is tested. the
correctness of the results is confirmed by comparing the
computed results with the measurements. As an application
of the modeling, a probe-excited dielectric block filter is
analyzed, the simulated response is in good agreement with
the measured one.

II. MODELING PROCEDURE

The configuration under consideration is shown in Fig. 1, in
which a disc loaded probe coated with a layer of dielectric in a
rectangular waveguide is excited by a coaxial line. When both
sides of the rectangular waveguide extend to infinity, one has
a coax-waveguide T-junction. If one of the two waveguide
ports is shorted at some place, the configuration represents
a coax-waveguide transition. This configuration covers the
most practical structures of coaxial probes in rectangular
waveguides.

Modeling of the T-junction (transition) involves the follow-
ing steps: solving the generalized S-parameters of the two-port
network (one-port network) when the coaxial port of the 7-
junction (transition) is shorted at certain place, and extracting
the three-port (two-port) generalized S-parameters from the
obtained two-port (one-port) S-matrices. When a waveguide
discontinuity is presented very close to a coaxial probe, a
special cascading algorithm using S-matrices can be applied
to solve the whole problem.
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Fig. 1. Configuration of a general coaxial probe in a rectangular waveguide

with (a) cross section view, and (b) top view.

A. Modeling of General Cylindrical Post in
Rectangular Waveguide

When the coaxial port of the T-junction is shorted at
the position ¢-{ (Fig. 1), the structure can be viewed as
a general cylindrical post in a rectangular waveguide. To
apply the orthogonal expansion method [7]-[9], the resulting
two-port network is divided into waveguide region “WR”
and post interaction region “PR” by introducing an artificial
cylindrical boundary at p = a. The post interaction region
can be further divided into subregions according to the natural
cylindrical boundaries of the geometry. In the case r4 < rq,
the subregions are: region I which consists of region Ij
(p < 7¢, by < y < by) and region Iy (ro < p < 7y,
bs Ly<b+d),regionl (rg < p<r,0<y<b+d),
and region Il (r; < p < a, 0 < y < b). Each of these
cylindrical regions can be treated as a multilayer parallel
plane bounded in y-direction in which the eigenvalues and
the eigenfunctions can be solved in close forms [14]. Then,
similar to [19], the boundary conditions on all the natural
cylindrical boundaries are forced to be satisfied. By taking
cross inner product to the electric field continuity equations
with the magnetic fields of the eigenmodes at the region with
larger effective nonconducting surface and to the magnetic
continuity equations with the electric fields of the eigenmodes
at the region with smaller nonconducting surface, one may
finally obtain a matrix equation in the form

111
(] )| e | =0 M

where C! and D™, vectors of size N (N™ represents
the number of eigenmodes used in region III), are the field
coefficients of the eigenmodes in region III related to the outer-
going and the inner-going cylindrical waves, respectively.
[MET] and [MEY], matrices of size N x NI, can be grouped
as diagonal block matrices in terms of ¢ variations since
the eigenmodes with different ¢ variations are decoupled.
This factor can be used to improve the efficiency of matrix
operations.
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The fields in waveguide regions are related to the fields
in region 1II by applying boundary conditions at the artificial
boundary. Taking proper inner products to the field continuity
equations using both E and H fields of the eigenmodes in
region III, the following equations may be obtained [19]

R Rling

DIII Mil] [MiZ] A(Z)
[Mll] [Mlz] B(l)
“ | (o [meo @

where A® and BW “are vectors of size N‘Ef,), representing
the field coefficients of the incident and reflected waves
in waveguide ‘7" (¢4 = 1, or 2), respectively. NV({,) is the
number of modes used in waveguide ‘’. The elements of the
sparse matrices [M 4] and [Mp] are determinated by the inner
products.

From (1) and (2), the generalized scattering matrix [S*]
of the general cylindrical post in a rectangular waveguide can

be acquired as

BMT IS (S]] [AMT _ pgen [AD

no | =[5t | [Ae | =1 Re]
where the superscript ‘¢-t” refers to the short plane ¢-¢.

Equation (3) can be obtained only under the condition of

N = N 4+ NP, that is, the number of modes used in
region III must be equal to the total number of modes used
in both sides of the waveguide. In order to avoid singular
matrix when matching the artificial boundary, the eigenmodes
used in both region III and the waveguide regions have to be
selected carefully. The general rule of selecting the modes is:
the numbers of the modes with same y-variations in region III
and in the waveguide regions must be equal. For the case of
PMC at the = 0 plane, one possible selection of the modes
is: Waveguide region 1 and 2

TE;; i=1,3,...N,, 7=0,1,2,...N;
and
TM;; ©=1,3,...N,, j7=1,2,...Ny
Cylindrical region Il
(TEy)i; i=1,2,...(No+1), j=1,2,...Ny;
and
(TM’!!)U Z:071727Nm7 ]:0,1,2,Ny

where N, (odd) and Ny are maximum indexes of the modes
used in waveguide regions. The numbers of the modes used
in the other cylindrical regions can be determined according
to the ratio of the height of the regions to that of region III in
order to have better convergence of numerical solutions [15],
[16].

If port 2 of the waveguide is shorted at the distance £
from the center of the probe, the short circuit condition
A®) = [A]B®@ can be applied to (3) to obtain

B® = [R*]AM (4)
[R™] = [S11] + [SI1ANIT] — [SSTAL S5 (5)
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Fig. 2. (a) Coaxial-waveguide T'-junction with coaxial port shorted at three
different positions, and (b) S-matrix network representation.

where [A] is a diagonal matrix with diagonal element A;; =
—exp 2%, ~:* is the propagation constant of ith waveguide

mode. [I] represents the identity matrix.

B. Extraction of S-Matrix

Assuming that there are Ny;/ @ (i = 1, 2) modes in waveguide
‘4> and that only the dom1nant TEM mode exists in the coaxial
line beyond the position 1-1 (Fig. 2(a)), then the S-matrix of
the T-junction has the following form

[Sulyw v [Sielyo v [Sislyw g
[S] = [521]N$> N [522]]\,&3) <N [523]N$> w1 |- (6
[S51]1 v [Ss2]1 s v S33

When the coaxial port is shorted at positions t-t (¢t = 1,2,
and 3), the three-port S-matrix [S] of the T-junction reduces
to the two-port S-matrix [S*?] of a general cylindrical post
in a rectangular waveguide (Fig. 2(b)) solved in (3). The
relationship between [S] and [S*"*] can be readily obtained as

1 - 1
(f—; - 533> (S5t = (F_t - 533) [ng] + [Si3][Sa;]
i, 7=1,2; t=1,2,3 (7)

where Ty = —e 928 3 is the propagation constant of TEM
mode in the coaxial line. ‘
From above equations, [S] may be extracted as

Gy = ( SAY 4 gD 4

1 -
[Sij];ig =T1Ag (ﬁ - 533> [Silj 1)

(21)

(22)) (8a)

1 ,
+1240 (P_z - S33> [$57] (8b)
| ; _
sollsz = (g = 50 )54
1
) ('PT - 533) (5l (80)
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Fig. 3. (a) Coaxial-waveguide transition near a waveguide discontinuity, and
(b) network representation of the cascaded structure.

with
S(pq) _
A21[51'1]11 + (A2 — Asz)[52'2]11 — Aoa[S3:3]1
T1A2[SI 11 + Ta(A1z — Ase)[S27%]11 — T3Ax3[S3311
(8d)

where A;; =

T r . The average taken in (8a) is used to

minimize the error of the solution. When Ny, D Nég), the
properties of symmetrical networks can be apphed to reduce
the computational effort.

Similarly, the S-matrix of a transition has the form

[Srel w1

[Sulyew v
9
S )

[S] [521]1XN$)
This 2-port S-matrix can be found either from the 7T'-junction
S-matrix by terminating waveguide port 2 at proper position
or from three one-port reflection matrices [R*™] (¢t = 1,2,
and 3) obtained in the last section. No matter which method is
used, one can only solve for {[S12][S21]}, but not for [S12] and
[S21] separately. However, it will not effect the applications
of the modeling in many practical cases as being discussed in
the next section.

The accuracy of above extraction depends on the accuracy
of the solution at each short plane. The selection of the short
plane positions may also affect the accuracy of the extraction.
The optimum choice of the positions of the three short planes
is to make the phase difference between each two of them
120°.

C. Cascading Algorithm

In many applications, a coaxial probe is often placed in

- close proximity to a waveguide discontinuity. In this case,

a modified cascading procedure can be applied as long as
one can obtain the generalized scattering matrix of the dis-
continuity. The coaxial line to waveguide transition cascaded
with a waveguide discontinuity through a length of waveguide
is shown in Fig. 3. The S-matrices of the transition and
discontinuity are [S®)] and [S{?], respectively. Because we
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only know {[S(t)][ (t)]} [S(O)] and [S(O)} of the overall
structure can not be obtained separately. Instead, we have
[S17) = [847] + 5191400 - s nsig
x [T)[817] [T1[S57] (10a)
(5121857 = [S8 1 - T[S 5]} I
x{[s “)H 301}

x {1 = ]SS S8] 7 ] [859)

(10b)
$55 = 88 + [S8]141[81%)
NN
=50+ ZZ% (5, SY}) (10¢)
=1 3=1
with
[A] = {[1] - O[S S} IS od)

where [I'] is a diagonal matrix describing the length of the
waveguide with diagonal elements given by I',, = e ta,
a,, is element of matrlx [A]; (S ) is ith element of the row
vector [S(t)] and (S ) ; Jth element of the column vector
[S15)-

Evaluation of 10(a) and (b) is straightforward if all sub-
matrices of [S(®] are known. One also has enough information
to compute S5, (9 if one notices that (S(t)) (s (t)) ;i 1s the ele-
ment in the jth row and ith column of the matrix {[S! 19 ][S21 1}
which is known from the transition modeling.

III. RESULTS

Computer programs have been developed to calculate the
S-matrix of a coaxial-waveguide T-junction or a coaxial-

waveguide transition. The eigenmodes used in waveguide
regions and cylindrical region III are selected according to
the rule given in Section II. The numbers of the modes in ¢-
variation in all cylindrical regions are the same, but the number
of modes in y-variations in each region is determinated by the
ratio of the region height to the height of region IIT in order
to have good convergence. Numerical experiments show that
the convergence changes with the complexity of the shape of
the probe. Sample results showing the convergence of the S-
parameters of the dominant modes for a coaxial-waveguide
transition with a disc loaded probe are shown in Fig. 4. In
this case, N, = 5 and NV, = 12 provide a convergent result.
For the probe with simple shape, N, = 5 and N, = 10 will
be sufficient. The computation time depends on the numbers
of the modes used. For the case of N, = 5 and N, = 10,
it takes about one minute to obtain the scattering matrix of a
T-junction or a transition at one frequency point on the Sun
Station 5.

Fig. 5 shows the dominant mode scattering parameters of a
coaxial-waveguide 1'-junction in which the dielectric coated
coaxial probe is extended from the top to the bottom of the
waveguide. f. is the cut-off frequency of TE;g mode in the
waveguide. The figure also shows the measured results of
the S-parameters. The two sets of results are in excellent
agreement.

Fig. 6 compares the computed and measured results of
the dominant mode S-parameters for a coaxial-waveguide
transition with a disc loaded probe. It can be seen that a good
agreement between the numerical results and the experimental
results is achieved. The return loss of an adaptor with a disc
loaded probe is given in Fig. 7. Also included are the measured
and simulated results by [18].

In Fig. 8, the input impedance Z, = R;, + jX,, at the
coaxial port of a coaxial-waveguide transition with a tuning
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Fig. 5. Dominant mode S-parameters of a coaxial-waveguide T'-junction
with a dielectric coated probe with b/2a = 0.4444, 7o/a = 0.0556, and
50 € coaxial line.
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rod from the bottom wall is presented. The input impedance
is normalized by the characteristic impedance of the coaxial
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line (Zp) and computed from the reflection coefficient at
the coaxial port (port 2 in this case). Also included are the
measured results for by = 0. Fig. 9 shows the input impedance
at the coaxial port of a coaxial-waveguide T-junction versus
the normalized frequency with change of the gap between the
probe and the bottom wall. The results are extended to about
3.85f.. Beyond that, the modeling is no longer valid since the
second propagating mode occurs in the coaxial line.

As an application of the modeling, the response of a
probe-excited dielectric block filter [17] shown in Fig. 10 is
simulated by cascading the probes with the dielectric block
resonators coupled by empty evanescent mode waveguide.
This filter is small in size and has an excellent stop band
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Fig. 10. Configuration of a probe-excited dielectric block filter with dimen-
sions.

performance. The input/output probe is in the evanescent mode
waveguide, and its dimensions was determined in [17] by
experiments. The other dimensions shown in Fig. 10 are the
measured values when the filter is partially assembled. The
real dimensions, which are unknown, may differ from the
given ones because of the way of assembling the filter to
eliminate the air gaps. The simulated response of the filter with
the dimensions given in Fig. 10 is presented and compared
with the measured response in Fig. 11. As can be seen,
fairly good agreement exists between numerical simulation and
experiment. The variation of the return loss of the computed
result is sharper than that of the measurement since the loss
of the filter is not taken into account in the simulation.

IV. CONCLUSION

The paper describes a new rigorous approach, which com-
bines the orthogonal expansion method and the extension of
the three short plane technique, for analyzing a general coaxial
probe in a rectangular waveguide. Scattering matrices are
obtained for both coaxial-waveguide T-junctions and coaxial
waveguide transitions. For solving the problem of a probe
near a waveguide discontinuity, a cascading method is applied.
As an application, the response of a probe-excited dielectric
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Fig. 11. Simulated and measured responses of the filter.

block filter is simulated. The computed results are in excellent
agreement with the measured results for all cases. This method
will be very useful in analysis and design of coaxial-waveguide
adapters, coaxial probe excited cavity filters, and coaxial-
waveguide T-junction manifold multiplexers.
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