988

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 10, OCTOBER 1985

Mode Coupling by a Longitudinal Slot for a
Class of Planar Waveguiding Structures:
Part II— Applications

PERRY F. WILSON, MEMBER, IEEE, AND DAVID C. CHANG, FELLOW, IEEE

Abstract —Coupling between two parallel-plate waveguides is investi-
gated. Mutual excitation is due to a longitudinal slot in a common plate.
The introduction of reflecting boundaries parallel to the slot allows one to
model a number of planar waveguiding structures featuring a common
coupling mechanism. Part II of this paper presents specific examples of the
above approach along with numerical results. Examples include a rectangu-
lar coaxial transmission line, broadwall-coupled rectangular waveguides,
coupled microstrips, and coupled microstrip and rectangular waveguide.

1. INTRODUCTION

ART I OF THIS PAPER [1] analyzed the scattering

due to a slot between loaded parallel-plate waveguides.
The solution to this canonical problem can be used to
determine the modal properties of a class of planar wave-
guiding structures featuring this common slot coupling
mechanism, Rather than attempt a full modal description,
the investigation presented in Part I considered LSM-type
modes with lateral resonances only. More general results
are certainly obtainable, but at the expense of the simple,
closed-form modal equations developed here. Our present
scope should cover the dominant TE or quasi-TEM mode
as well as other low-order TE-type modes.

Part II of this two-part paper presents four specific
applications of the modal equations derived in Part L
Considered are: 1) a rectangular coaxial transmission line
(RCTL), which is a form of shielded stripline; 2) symmetric
broadwall-coupled rectangular waveguides, a type of
shielded slotline; 3) coupled microstrips; and 4) coupled
microstrip and rectangular waveguides. In the first two
examples, the RCTL and coupled rectangular waveguides,
we consider the propagation of low-order TE-type modes.
Each of these geometries has been analyzed elsewhere and
a comparison of results serves to demonstrate the accuracy
and limitations of the two modal equations developed in
Part I. The second pair of examples involving microstrip
coupling are more original. These latter two geometries will
be viewed as directional couplers and the discussion ori-
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Fig. 1. Rectangular coaxial transmission line.

ented toward how efficiently they couple power between
guides.

We conclude with a section on possible additional appli-
cations as well as desirable extensions. In fact, the empha-
sis of Part II is not simply on the specific examples
mentioned above. Rather, a more important goal is to
demonstrate the flexibility and range with which the basic
scattering solution presented in Part I may be employed.

II. Hicurr ORDER MoDES IN A RCTL

The RCTL cross section, as depicted in Fig. 1, consists
of an outer conductor of aspect ratio 2a X2b with an inner
strip of width 2w offset from the side walls by gaps g, and
displaced from the ceiling and floor by b, and b,, respec-
tively. The RCTL has been well studied [2]-[5] because of
its application in TEM-cell measurement devices and in
microwave circuits, The primary emphasis of these investi-
gations is to determine the RECTL’s transmission-line
characteristics. However, because the appearance of higher
order modes typically limits the usable TEM-mode
frequency range, the cutoff frequencies of the initial higher
order modes [6]-[10], as well as methods for extending the
upper frequency limit [11], [12], are of interest.

Referring to our basic slotted cross section [1, Fig. 4], a
RCTL may be reproduced as follows. If the slot is centrally
located with respect to the scattering walls (i.e., off; = off,
= 0), then the vertical electric-field component £, will be
either symmetric or antisymmetric about the slot. In the
dominant logarithmic coupling case, E, will be antisym-
metric about the slot center (x = 0), which is equivalent to
the presence of a vertical electric wall. Placing reflecting
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walls at x =+ a above and below the slot (/,=1,=a)
effectively creates a pair of RCTL’s imaged about x = 0.
Assuming the RCTL is empty (¢,, =¢,, =1) implies that
E,=0 [1, eq. (17)]; thus, we are considering the TE,,,
modes. If we choose magnetic walls at x = + g, then E,
will be evenly distributed about the septum center, imply-
ing a m-odd TE,,, mode. Alternately, electric walls at
x =+ a yield the m-even TE ,, modes.

The modal equations derived in Part I may be used to
determine either the normalized propagation constant «, or
setting a =0, the cutoff frequency, wavelength, etc.
Consider an unloaded cell (as above), with a centrally
located septum (b, = b, =b). Then the reduced, logarith-
mic gap-dependent modal equation [1, eq. (39)] is ap-
propriate. Letting d,=d,=b, I, =1,=a, off, = off, =0,
and x,(a)=(m+1)7 consistent with our m-even/odd
discussion above, yields the following modal equation;

By sin qb{ tan 5 +2,80[ln(22)+R]}=0

- E[eis]

kOYm
q5=2k0,80a—(m +1)a (1)

where B8, and v, are defined in Part I. There are three
separate solutions implied by (1). If we set 8, = 0, then we
find a=1, which is the normalized propagation constant
for the TEM mode. Setting sin’» = 0 determines the TE
m odes. Note that the TE, , modes are unaffected by the
gap (see [1, eq. (17)] and note that E; = E5, E{ = E; etc.;
thus, the gap fields are unexcited). Finally, the expression
in brackets determines the TE,, modes. Our approxima-
tion assumes the E, is essentially independent of y; there-
fore, the TE, , modes for » >1 cannot be analyzed via the
present expressions. If we note that

tan - =
2 tan koB,a,

m-€ven

m-odd @)

and let u = kyB,a, then the TE,; modal equations become

-1
utanu = 2{1 (Zb)+R} , m-even (3a)

2 g
1 2 b 2b
P tanu = ;5{1 ( Wg)+R} m-odd. (3b)

These equations can be readily solved. In fact, if we note
that for kb small, the remainder series may be approxi-
mated as follows; -

1(u b\?

R=3(52]® (@)
then (3) is easily solved on a hand calculator. For example,
Hill [13] has published data for the cutoff frequencies of
the first few higher order modes in an RCTL of dimensions
a=b=15 m and g=026 m. He finds that f, for the
TE; mode is approximately 29.0 MHz, while for the TE,,

mode, f =635 MHz. As g/b—0, (30) behaves like
utan u =0, which has a first solution, u=0. Thus, as is
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Fig. 2. Shielded slotline.
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known, the cutoff frequency of the TE; mode goes to zero
as the gap vanishes. Neglecting R, which has a u? depen-
dence, (3a) yields u=~0.9198 or f.=29.3 MHz, which
compares well with Hill’s value. Similarly, (3b) degenerates
to tanu/u =00 as g/b— 0, which has an initial solution
of u=x/2, which as expected is the solution for the TE,,
mode. If we now include the remainder term (4) then (3b)
yields u = 2.033, or f, = 64.7 MHz, again in good agree-
ment with Hill’s data. Note that (3) could be used to
examine additional modes. For example, the next solution
for (3a) should be for u> & corresponding to the TE,,
mode. However, the accuracy is expected to decrease since
the condition that the gap be electrically narrow will
weaken.

Variations on the above RCTL structure can be studied
via the asymmetric modal equation. For example, the inner
conductor could be vertically offset to create a larger
chamber. In terms of TEM-cell usage, this would allow
larger pieces of equipment to be tested. One or both of the
chambers could be loaded with dielectric. This would re-
move the plane-wave environment necessary for TEM-cell
applications; however, viewed as a shielded stripline, this
structure may have microwave device potential. The inter-
ference between the even—odd TE,;, modes could also be
used as the basis for a rectangular waveguide directional
coupler.

A structure related to the RCTL just discussed is de-
picted in Fig. 2, namely, a pair of slot-coupled rectangular
waveguides or shielded slotline. For the ceniral slot loca-
tion shown, E, will be either laterally anti-symmetric, in
which case the previous equations again apply (TE,
modes, m-even), or laterally symmetric (TE,,, modes, m-
odd). The TE,, modes, n-even, will again be unaffected
by the gap. For the TE,; modes, m-odd, the symmetric
mode equation (41) of Part I applies

=T —4pT=0 (5)

where d,=d,=b, I,=1,=a, and x(a)=mn (m-odd)
corresponding to an electric wall. Up to terms of the order
(k,2)?% (5) may be inverted directly with the result that

mar \? m2773(k0g)2
a=1—(2k ) - > .
o4 8(kya)kyd

The first two terms represent the unperturbed (g =0)
TE,,, normalized propagation constant while the third
[k,2)*dependent term gives the gap affect. Equation (6)
has been verified elsewhere for the case m =1 based on a
variational formulation [14]. If the slot were to be used to

ml

(6)
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Fig. 3. Coupled microstrips.
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Fig. 4. The variation of the propagation constants ay, and agy; versus
slot offset for coupled identical microstrips (e, =2.56, kga = 0.2
Jkod=0.1).

couple two rectangular waveguides based on the inter-
ference between TE,, and TE;; modes, then the coupling
length would have a (k,g) 2 dependence [15], which is
assumed to be large. This again demonstrates that broad-
wall coupling via longitudinal slots is more efficient if the
slot is offset to introduce the logarithmically dependent
gap fields.

111

The previous two examples have featured structures
analyzed elsewhere and serve to demonstrate the usefulness
of the two modal equations derived in Part I. We now
consider a more novel application, namely, a pair of cou-
pled microstrips as depicted in Fig. 3. The microstrips are
allowed to have arbitrary loading ¢, , thickness d;, and
width 2a,.

Although the slot is depicted as centrally located, our
previous discussion indicates that the slot should be offset
to increase the interaction between the guides if this config-
uration is to be used to couple power between microstrips.
Thus, the asymmetric modal equation is appropriate. As an
example, consider two identical microstrips (e, =¢,, =¢,,
etc.), equally offset, with €, =2.56, k,a=0.2, and k,d =
0.1. The phase change x(a) at the microstrip reflecting
boundaries (x = + a) appears in the literature [16], [17].
Fig. 4 shows the variation of a versus slot offset and width

CouPLED MICROSTRIPS
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Fig. 5. Coupled microstrip and rectangular waveguide.

for the quasi-TEM mode (ag: E, aligned in the two micro-
strips) and the TE; mode (ay:E, opposed in the two
microstrips). As expected, ay, is unaffected by the gap and
equals the propagation constant of the quasi-TEM mode in
each guide. The TE, mode is increasingly perturbed as
either the slot offset (off/a) or width (g/d) is increased.
However, the perturbation is slight due to the fact that E,
is relatively uniform across the slot (x-variation). The small
difference between «y, and a, implies that the large
coupling lengths would be necessary to achieve maximal
power between the two microstrips if the interference of
the quasi-TEM mode («y) and TE; mode (ay;) is to be
the coupling mechanism. Specifically, koL = m(ag —
@)~ 1; thus, at the extremes of the present example (off /a
=0.5, g/d = 0.5), we still have L =8.7\,, where L is the
coupling length and A, is the free-space wavelength. If
coupling between dissimilar microstrips is desired, then the
slot effect should be more pronounced, thereby-reducing
coupling lengths; however, full-power transfer would no
longer be expected.

IV. Sirot CouPLED MICROSTRIP AND
RECTANGULAR WAVEGUIDE

All of the previous examples have featured coupling
between generically similar guides, greatly aiding in their
analysis via conventional approaches. We now will con-
sider coupling between two very different guides, namely, a
microstrip and a rectangular waveguide as shown in Fig. 5.
The pertinent dimensions are labeled and the guides are
allowed to have arbitrary dielectric loading, Although the
slot is depicted as centrally located, it will be allowed to be
offset.

Coupling power between these two types of waveguides
has been the topic of a number of studies. As the operating
frequency of a microstrip increases, conventional wave-
guide—coax-stripline transitions become physically more
difficult, as well as costly. Thus, a mode launching tech-
nique compatible with planar technology is desirable.

Various alternatives to coax feeding have been sug-
gested. Knerr [18] proposes a broad-band coupler based on
inserting the stripline perpendicularly into the rectangular
waveguide broadwall. He then models the junction as a
coupled tuned circuit and applies well-known results to
optimize the design. This approach yields good bandwidth
properties but is physically somewhat awkward. Other
problems with direct insertion schemes have been discussed
by Wild [19]. A primary concern is the spurious radiation
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Fig. 6. The variation of the propagation constants a;, and ¢, versus
slot offset for coupled microstrip and rectangular waveguide (¢, =
2.56,€,, =90, kga; = 0.5, kga, = 0.61, kgd; =025, kyd, = 0.5).

created by network discontinuities, a serious problem if
sensitive components are to be tightly packed. Kumar [20]
has analyzed a feeding system similar to that suggested
here. The two guides are piggybacked and coupled through
small apertures, either circular holes or narrow slots ori-
ented transversely. Applying small aperture theory, he
achieves excellent experimental verification of his theoreti-
cally predicted values. The main drawback is that coupling
strength never rises above —30 dB. More recently, a simi-
lar small aperture scheme was discussed by Rao et al. [21],
extending the possible configurations to include crossed
waveguide and strip and a microstrip-waveguide T-junc-
tion. All feature a coupling slot oriented transversely to the
microstrip, and the same comments made on Kumar’s
analysis apply. As in the previous sections, coupling will
occur due to beating between nondegenerate modes. In this
case, we get two modes based on the dominant quasi-TEM
mode in the microstrip and the TE,, rectangular wave-
guide mode. Fig. 6 shows a;y (E, aligned in the two
guides) and a;; (E, opposed in the two guides) versus slot
offset for dimensions chosen to give roughly equal propa-
gation of the dominant modes in each guide when the slot
is closed (the various parameters are listed in the figure).
As is seen, a,, is essentially unaffected by the slot pres-
ence, while «;; decreases as the slot is offset. The effect of
increasing the slot width 2g is also shown with expected
larger perturbation. .

Fig. 6 suggests that the a;, mode is closely associated
with the microstrip TE,, mode, whereas the «;; mode is
more aligned with the TE,, rectangular waveguide behav-
ior. This is expected, if we recall that the primary coupling
mechanism is the longitudinal magnetic field and the gap
effect must account for the discontinuity in H,. When the
vertical electric fields are aligned (a,,), the gap fields are
only weakly excited and the discontinuity in H, must be
small: Because the TE,, microstrip mode is quasi-TEM,
the TE,-like fields in the rectangular waveguide eannot be
strongly present if the two distributions are to have ap-
proximately equal H, components. Thus, the a;, mode is
essentially confined to the microscrip. The «;; mode is the
reverse. Opposition by the E, components creates signifi-
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Fig. 7. The variation of the propagation constants a;; and a;; versus
slot offset for coupled microstrip and rectangular waveguide (€,, =
9.0, koa; = 0.5, kgay = 0.61, kod) = 025, kyd, =0.5,g/d; = 0.1).

off /a,
Fig. 8. Normalized coupling lengths for the parameters given in Fig, 6.

cant gap fields, and the discontinuity in H, is most easily
accounted for by a variation in the rectangular waveguide
fields.

This strong reliance of the coupling mechanism on H, is
again demonstrated in Fig. 7. The same parameters are
used with the gap size fixed at g/d; = 0.1, except that the
microstrip permittivity is allowed to increase. Again, the
offset is equal in each guide. As the permittivity increases,
effectively enlarging the microstrip H, component, the gap
effect is reduced in the a,; mode case. As in the previous
case, the a;, mode propagation constant is insensitive to
gap changes and is essentially that of the microstrip alone.
Fig. 8 shows the coupling length for the parameters used in
Fig. 6. Clearly, as the slot size and offset are increased,
causing «,, and «;; to differ more, the coupling length
decreases. In fact, it appears that maximal power transfer
can be achieved with slot lengths on the order of a free-space
wavelength.

The question of how much power can be launched
remains. If we ignore junction effects and simply consider
the excitation of the a,, and a;; modes, then a reasonable
estimate of the power coupled follows [22]. Fig. 9 shows
the result of such a calculation assuming an incident rec-
tangular waveguide TE,, mode of vertical electric-field
magnitude |E,|;,. The parameters are as in Fig. 6 and the
slot lengths are chosen as in Fig. 8 to give maximal power
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Fig. 9. Vertical electric-field transfer at maximal coupling for the
parameters given in Fig. 6.

transfer. As shown, the field strength launched in the
microstrip is about 15 percent of the incident value, imply-
ing that the power launched in the microstrip is roughly 17
dB down. Although hardly ideal, this compares well with
the alternate approaches mentioned above. Possible slot
resonances that might enhance coupling have also been
ignored. :

V. DiscussioN

The examples examined here demonstrate the manner in
which the basic slot scattering problem investigated in Part
I may be applied to specific waveguide structures. The
strength of this approach is its flexibility to treat numerous
structures. The above examples are not exhaustive. The
effect of dissimilar loading in the two planar regions was
largely ignored as was the possibility of placing different
types of reflecting boundaries about the slot. For example,
by mixing electric- and microstrip-type boundaries, one
could construct rather odd waveguides, although no ap-
parent use for these exists.

The present theory also has some simple extensions. For
example, if one of the outer conductors is removed (d, —
00), then what remains is a slotted waveguide feeding into
a dielectric half-space. This type of structure may have
potential remote sensing applications and has been
proposed by King et al. [23] as a possible in situ dielectric
measurement technique. By measuring the propagation
constant of the slotted waveguide against an unknown
dielectric (infinite half-space), one could determine the
medium’s complex permittivity by solving a modal equa-
tion similar to those developed in Part 1. The difference
would be that one of the éj [1, eq. (3)] would become

e*koujy

¢V (By) = (7)

as a result of letting d, — oo. The rest proceeds as before
except that the matrices will now be 2X2. Both slotted
rectangular waveguides and microstrips could be used but,
because sensitivity would largely depend on the strength of

Y,
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the slot perturbation, the microstrip is not likely to be as
useful.

A more important modification would be to allow multi-
ple dielectric layers, like those discussed by Peng and
Oliner [24], [25]. They formulate a similar transverse re-
source condition to determine the guidance properties in
various dielectric strip and ridge guides. If the appropriate
kernel for this class of structures may be found, then
utilizing their reflection coefficients should lead to modal
equations valid for coupling between combinations of all
the above waveguide types.

At present, we have largely restricted our attention to
examples of single slot coupling between two planar layers.
Directly though, we could analyze multiple slot and multi-
ple planar layers by suitably extending our basic scattering
matrices. For example, by accounting for the propagation
between slots, shielded-coupled microstrips could be
analyzed. These shielded striplines would involve cascading
our previous scattering matrices resulting in a new scatter-
ing matrix and resulting modal equation.

Alternately, multiple layers could be analyzed. For ex-
ample, one could consider microstrips coupled about a
central rectangular waveguide, stacked rectangular wave-
guides, or perhaps coupled microstrips also radiating via a
slot open to free space. The scattering matrices would
expand to 6 X6, or 8 X8, etc., but the basic formulation is
the same. One need only be careful not to violate the basic
assumptions needed to develop the present model.

VL

Part II of this paper presented four applications of the
canonical slot scattering problem developed in Part L
Basically, these involved coupling between combinations of
rectangular waveguides and microstrips. These examples
serve to demonstrate the accuracy and limitations of the
approach presented here. Additional structures featuring
the same basic slot coupling are mentioned, indicating
potential applications of the canonical problem presented
in Part 1.

CONCLUSION
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