2536

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 12, DECEMBER' 1996

Full—Wave Modeling of Generalized
 Double Ridge Waveguide T'-Junctions
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Abstract— A rigorous technique for full wave modeling of
the generalized double ridge waveguide T-junction has been
developed. Eigen modes in each ridge waveguide region are
obtained using mode-matching technique. Based on the eigen
mode expansion method, combining the cascading procedure
and computation of the magnetic fields of each mode at the
shorted ports, the generalized admittance matrices and scattering
matrices of all three ports are obtained. The method is general
and very efficient. The accuracy and versatility of the method
are verified through several numerical examples. The computed
dominant mode’s S-parameters are compared with that by finite
element method (HFSS) and shown to be in good agreement.

1. INTRODUCTION

AVEGUIDE T-junctions are important components

in modern communication systems and many other
microwave applications [1], [2]. With the rapid development of
technology, the requirement for high performance, wide band,
small size T-junctions is increasing. Because ridge waveguides
have low cutoff frequency and wide bandwidth [3]-[6], broad
band ridge waveguide T'-junctions are the ideal components
for the applications [11], [12]. To design systems employing
ridge waveguide T-junctions, accurate and efficient computer
aided design tool for computing the. generalized scattering
matrices is essential.

A few numerical techniques have been developed in the
past several decades. Although purely numerical methods
such as finite element method are versatile to the structure,
the efficiency and memory requirement usually make them
not suitable for optimization, furthermore, purely numerical
methods cannot conveniently provide generalized scattering
matrices including the effects of the higher order modes.
Mode-matching method based on field expansion into cavity
waves and matching the boundary at the port can compute the
generalized scattering matrix of the rectangular waveguide 7-
junction efficiently [8]. By combining the scattering matrices
of the symmetrical waveguide 7'-junction with the scattering
matrices of the waveguide discontinuity, the total scattering
matrices of waveguide T-junction of different cross sections
can be obtained [9]. To avoid numerical instabilities caused
by the large attenuation constant of the cut-off modes, a
modification of the mode matching method is developed,
which effectively allows the generalized scattering matrix
computation at a central reference plane.
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Fig. 1. .Generalized double ridge T-junction. (a) Sectional side view of the
T-junction. (b) Typical cross section of each arm.

Recently, three plane mode-matching technique (TPMMT)
[10] and equivalent methods [13] were proposed for solving
the multiport microwave network problems. Coaxial probe in
rectangular waveguide and all ridge waveguide T-junction
were reported to be studied by the method [12], [14], [15].
Although three plane mode-matching technique can simplify
and solve the complicated 7T-junction problem, one can not
obtain the generalized scattering matrices of the 7T-junction
for all three ports. The purpose of this paper is to describe a
new method which can overcome the limitations of the above
methods and suitable to general structures.

In this paper, a rigorous technique based on new application
of the eigen mode expansion method [7] and combining the
cascading procedure [16] is introduced to model the gener-
alized double ridge waveguide T-junctions shown in Fig. 1.
The generalized admittance and scattering matrices including
all the higher order modes in all ridge waveguide ports are
obtained. Instead of computing the admittance matrices di-
rectly from the fields of the 7T'-junction, generalized scattering
matrices and the field coefficients in each waveguide region in
the T'-junction are used to obtain the subadmittance matrices.
The generalized scattering matrices of the T-junction are then
obtained from the admittance matrix. The method preserves
numerical accuracy and accepts arbitrary cross section of all
ports. The method is general, very efficient, and can be used
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to solve other complicated muitiport network problems. The
accuracy and versatility of the method are verified through
several numerical examples. The computed dominant mode’s
S-parameters are compared with that by finite element method
using HFSS and shown in good agreement.

II. FUNDAMENTAL THEORY

The electromagnetic field in a waveguide can be expressed
as superposition of incident and reflected waves of all the
eigenmodes. For TE and TM modes existing in a waveguide
with uniform cross section normal to the z direction, the total
electromagnetic fields can be expressed as
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where &%, A%, and h"; are the tangential and normal fields
of ith TE mode (with propagation constant v}"). €%;, hu, and
e$, are the tangential and normal fields of ith TM mode (with
propagation constant ~y¢), respectively. k%, (¢ = e, h) is the
cutoff wavenumber of the ridge waveguide’s eigenmode. The
waveguide eigenmode functions are orthogonal to each other.
By defining the equivalent voltage v(z) and current (z) of
the waveguide mode as [7], [8]
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- the electromagnetic fields can then be expres'sed in terms of
the equivalent voltage and current as
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Fig. 2. (a) A generalized T'-junction with incident and scattering waves at
the ports. (b) Equivalent network of the T-junction with the effects of higher
order modes.

+Z

Using equivalent circuit concepts [8], the T-junction prob-
lem involving discontinuities as shown in Fig. 2, can be solved
by computing the admittance matrices of the network as

hzi(z,y)2. (3b)

[41] Y] [Yi2] [Vaa] | [[vd]
lia] | = |[Yo1] [Yao] [Yas] | |[ve]
[43] [Yai] {Yao] [Yaa]] |[vs]
[v1]
=[V]] [v2] )
[v3)

One way to compute the subadmittance matrix is by assum-
ing an incident mode field in a port while other two ports are
shorted then computing the tangential magnetic field excited
at each port as

E”:i/ ﬁ~ﬁds. (5)

7 3 7 P
S

where H, .; is the tangential magnetic ﬁeld of ith mode at port
p excited by incident fields at port ¢, htj is the tangential
magnetic field of jth mode at port p,(p,g = 1,2,3). The
sign of the admittance is determined by the direction of the
positive power flow and the coordinate system [8], [9].

Another way to obtain the subadmittance matrix is from the
relationships between the scattering matrix and the admittance
matrix as

18] = (U] + (Y]~ H{[0] - Y]
Y] = [0 - [SU] + 157

where [U] is the unit matrix.

(62)
(6b)

III. DESCRIPTION OF THE METHOD

The double ridge waveguide T-junction under consideration
is shown in Fig. 1. The cross sections of the ridge waveguides
are symmetric as shown in Fig. 1(b). By putting a perfect elec-
tric conductor (PEC) or a perfect magnetic conductor (PMC)
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Fig. 3. (a) Side view of the perpendicular arm shorted double ridge
T-junction. (b) Cross sections of port 1, and equivalent ridge waveguides. (c)

Network representation of the double ridge T-junction when port 3 is shorted. .

at the symmetrical planes, only half structure needs to be
considered. Several ridge waveguides and their discontinuities
exist in the T-junction.

From the previous analysis, it is clear that complete char-
acterization of the T-junction is reduced to the problem of
computing the admittance matrix. As the fields of the cut-
off modes vary exponentially along the normal direction,
numerical instability is introduced when discontinuity exists in
the T-junction by the numerical error. Although all the ports
except incident port are shorted, because discontinuity exits in
the T-junction, the principle of expansion of electromagnetic
fields in cavities [8] can not be used to compute the admittance
matrices. Instead, generalized scattering matrices of the two-
port network combining the field coefficients and a new kind
of inner product are used to obtain the admittance matrix to
preserve the numerical stability and accuracy of the results.

A. Computation of Admittance Matrices
Y1), [Yi2], [Ya1], and [Ya2]

When the perpendicular port (port 3 in Fig. 1) is shorted, the
resulting structure reduces to a two-port network which can

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 12, DECEMBER 1996

=)

%
)

%
2228
- ! <
1 bT b7 -
port 1 lb‘ -rlI z ib3
ag—wipti > al ea]
(2)
waveguide UVave =

®

Fig. 4. (a) EM waves in each equivalent ridge waveguide region of the
T'-junction with port 2 and port 3 shorted. (b) Configuration of partial vertical
inner product.

be treated as several ridge waveguides with certain lengths
connected together as shown in Fig. 3. A full wave mode-
matching technique is used to obtain the generalized scattering
matrices of the discontinuities. Therefore the S-matrices of
the whole two-port netwotk can be computed by succes-
sive cascading of the generalized S-matrices [S]7] of the
discontinuities between ridge waveguides separated by ridge
waveguide of lengths L; as shown in Fig. 3, as [16]

bl-[5 ] o]
by | {[S21] [Sae]|lae| ™ "laa |

As the subadmittance matrices [Y11], [Y12], [Y21], and [Yag]
of the two-port network are identical to that of the three-port
T-junction, instead of computing the tangential magnetic fields
at port 1 and port 2 by repeatly shorting port 1 and port 2,
they can be obtained easily from the generalized S-matrices
of the two-port network using (6b). Obviously, the magnetic
fields existing at the short circuited port 3 are available from
mode matching expansion coefficients. These fields will be
used latter to compute [Y31] and [Yaz].

(N

B. Admittance Matrices [Y31] and [Ys5]

To compute the admittance matrix [Y3;] or [Vaz], all the
ports, except incident port have to be shorted. Magnetic field
at the surface of the shorted port 3 of the one port network
excited by the fields from port 1 needs to be computed in terms
of the modal fields of the waveguide port 3. The generalized
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Fig. 5. (a) Side view of the T-junction when port 1 and port 2 shorted. (b)
Imaginary two-port network with one port shorted. .
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tangential field plot. (b) E, at boundary between region I and region IL

scattering matrices of each discontinuity and the total two-
port network obtained in part A above can be used to get the
generalized scattering matrices related to the field coefficients
of port 1 and port 2 which are defined and shown in Fig. 4(a)
as

] =] o= 12,9 o
[[i]]]:[s—z][[[i” (i=1,2,3).  (8b)
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By applying short condition at port 2, the reflection coefficients
in the T-junction region can be obtained from (8b):

7] = 1181771 ~ [S52°10]
+ 1852117 (831 " Had ]

=[Tillef]. )

Substitute (9) into the two-port network S-parameters (8a), the
field coefficients of incident and reflected waves [a] | and [b7 ]
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in each region, in terms of the incident wave on port 1, can
be obtained as

[af] =[[U] =[S “I[Tal) ™" [S31 ]

= [Mai]laa] (1=1,2,3) (10a)
[b7] = [I's][Mas][ai]

= [Mbi][al] (i=1,2, 3). (10b)

By introducing inner products between the two sets of
waveguide modes: one set in the subregion between ports 1
and 2, and the other in port 3, defined on the surfaces AS,
as shown in Fig. 4(b), mode fields of the port 3 are expressed
in terms of the field coefficients [a”], [67;] in the T-junction.
This inner product is defined as '

T2 = [ b, R, ds (11a)
AS

T, = / bty - By ds (11b)
AS

where ﬁ‘t‘n, ﬁ?n are the magnetic mode fields of the waveguide
in the T-junction at the shorted vertical port 3, which are
related to the field coefficients [a)] and [b]] in the T-junction,
respectively; ﬁgm are the modal fields of the waveguide at port
3. In these inner products, all the integrands containing e*7*
terms should be integrated along the direction of which the
wave moves, to preserve the accuracy and ensure the stability

of the results.

The tangential magnetic fields at the shorted surface of port
3 is related to the incident fields as

3
[ia] = {}: {[T3"][Mai] — [ﬂ”b][Mbi]}}[m]' (12)

=1

Thus the desired admittance matrix [Y3;] can be obtained as

[Yai] = {Z {17 1[Mas] = [Tf”][Mbi]}}[[U] + [

(13)
Admittance matrix [Y32] can be computed in a similar way.
The inner products defined in (11a) and (11b) for computing
the admittance matrix [Y3;] can also be used for comput-
ing [Y32], since only the field coefficients in the T-junction
changed. As the power is flowing out of port 2, according to
the defined coordinate system, negative sign should be added
in the results.

C. Admittance Matrices [Y33), [Y13], and [Yas]

Similar approach can be applied to obtain subadmittance
matrices [Y33], [Y13], and [Ya3] when field is incident from port
3 while ports 1 and 2 are shorted. Besides the discontinuity of
ridge waveguide to ridge waveguide, generalized scattering
matrices of ridge waveguide to empty waveguide, empty
waveguide to bifurcated waveguide discontinuities have to be
obtained in similar way as that of the ridge waveguide to ridge
waveguide discontinuity. Applying the cascading procedure,
the generalized scattering matrices of the imaginary two-port
network from waveguide to bifurcated waveguide as shown in
Fig. 5, can be obtained. Then applying short condition at the
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bifurcated waveguide side, the reflection coefficients [I'] can
be obtained. Subadmittance matrix [Y33] is finally obtained
from [I'] as
[Yas] = {[U] — [TT([U] + [T~ (14)
Subadmittance matrices [Y73] and [Y33] can be obtained
by reciprocity or following the same procedure as that of
calculating the subadmittance matrices [Y31] and [Yag]. Ac-
cording to the defined coordinate system, negative sign is
needed for [Ya3]. When the ridge waveguide of port 2 has
the same dimension as that of port 1, the calculation of the
subadmittance matrices [Ya3], [Y13], and [Ya3] can be greatly
simplified. The elements of the partial vertical inner products
of T-junction to port 1 and 2, are positive or negative of those
to ports 3 and 2.

IV. RESULTS

Computer programs- have been developed to obtain the
eigenmodes of the double ridge waveguide, generalized scat-
tering matrices of all the discontinuities needed and the gen-
eralized admittance matrix and S-matrix of the double ridge
waveguide T'-junctions in all three ports. The computed fields
at the boundary of ridge waveguide’s region I and II, and
at the conducting surface of the ridge waveguide, shown
in Fig. 6, ensure the correctness of the eigenmode’s field
coefficients. Fig. 7 shows the normalized dominant (TE) mode
cutoff wavelength of a double-ridged waveguide with aspect
ratio by /a1 = 0.5. The results are in good agreement with [4].

Extensive convergence tests have been performed. Fig. 8
shows the convergence of the dominant mode’s S-parameters
for a double ridge waveguide T-junction at 10 GHz. Twelve
modes are sufficient for convergence in most cases studied.
The accuracy is within 1.0% for the magnitude and 2° for
the phase of the S-parameters. Since TM modes usually have
higher cut-off frequency than TE modes, only about half the
numbers of TM modes are needed to achieve the convergence.
The method is so efficient that it only takes 7 s to obtain
the generalized admittance and scattering matrices of a double
ridge waveguide 7-junction at one frequency point on the Sun
Station 20 machine using 12 modes.

As a numerical example, the S-parameters of a single ridge
waveguide T-junction over all frequency band are computed
and the dominant mode’s S-parameters are shown in Fig. 9.
The T'-junction has a 0.22"" wide and 0.25" thick ridge in each
arm with 0.90"" x 0.40" cross section. This gives single mode
operating bandwidth of 4.20 GHz to 12.53 GHz. Compared

with the empty waveguide, ridge waveguide can reduce the

size and increase the bandwidth of the system, but power
handling of the device will decrease. The computed dominant
mode’s S-parameters of the T-junction are compared with the
results obtained by the computer simulation software HEFSS
of Hewlett-Packard Company, which uses the finite element
method. The results obtained by the two methods are in good
agreement. It approximately takes 30 min, memory 60M bytes,
_ on Sun Station 20 for HFSS to obtain only the dominant
mode’s S-parameters of the T-junction for a single frequency
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Fig. 10. S-parameters of a double ridge waveguide T-junction. T-junction
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point. The present method is more than 200 times faster, and
can run in the PC with 8M of RAM.

Fig. 10 shows the computed dominant mode’s S-parameters
of a symmetrical double ridge waveguide T-junction. Using
smaller gap between the double ridge, the T-junction gives
wider single mode operation performance bandwidth than that
of the previous example. It is seen that the magnitude of S-
parameters of the double ridge waveguide T-junction is very
flat over the whole frequency band, compared with that of the
single ridge waveguide 7'-junction. The computed results of
the double ridge waveguide T-junction are also compared with
the results obtained by HFSS, and they are in good agreement,

V. CONCLUSION

A rigorous method for full wave modeling of the generalized
double ridge waveguide T'-junction has been developed. Based
on the eigen mode expansion method and combining the
cascading procedure and computation of the magnetic fields
of each mode at the shorted ports from inner products and
field coefficients, the generalized admittance and scattering
matrices including all the higher order modes in all ridge
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waveguide ports are obtained. The method preserves numerical
accuracy and accepts arbitrary cross section of all ports. The
accuracy and versatility of the method are verified through
several numerical examples. The computed dominant mode’s
S-parameters are compared with that by finite element method
and shown to be in good agreement.

The method is general, very efficient, and can be used to
solve other complicated multiport network problems.
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