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A Full-Wave Electromagnetic Model for the
Waveguide-to-Strip-Line Coupler Using Vias

for Confinement of Parallel-Plate Modes
Allan Østergaard

Abstract—This paper presents a practical waveguide-to-
strip-line coupler. An accurate integral-equation model satisfying
all boundary conditions for the electromagnetic fields and all edge
conditions for the currents are described. The integral equations
are solved using the method of moments. An experimental−5-dB
coupler has been built. Measured and computed scattering pa-
rameters are in excellent agreement. The waveguide-to-strip-line
coupling terms agrees within 0.1 dB at the resonance frequency.
The discussion and the presented data provides physical insight to
the operation of the coupler itself.

Index Terms—Coupler, integral equation, slot, strip line, wave-
guide.

I. INTRODUCTION

T HE gain of large microstrip antenna arrays has a maximum
at a finite aperture size. This maximum arises at a certain

aperture size where the increase in electric and dielectric losses
with aperture size begins to exceed the increase in directivity
[1]. For large microstrip antenna arrays, hybrid solutions where
a low-loss transmission technology is applied for the primary
level of the beam-forming network are often used.

Coupling between similar and dissimilar transmission lines
through apertures has been a subject of interest since Bethe first
published his theory of diffraction by small holes in 1944 [2].

In this paper, we shall study the coupling between a rectan-
gular waveguide and a strip line through a slot. A similar ge-
ometry was first studied by Perini and Sferrazza in 1957 [3].
One characteristic that seems not to have caused much interest
is that the slot tends to excite parallel-plate modes between the
ground planes enclosing the strip line. As these modes may carry
the majority of the coupled power away, the coupler becomes
impractical. To prevent this, a number of vias between the two
ground planes are added in the vicinity of the slot and along the
strip line.1 An outline of the coupler is shown in Fig. 1.

The purpose of the vias is to confine the power of the par-
allel-plate modes and to increase the coupling level by enclosing
the aperture facing the strip-line region in a cavity. The vias
located along the strip line serves to build a short section of
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Fig. 1. Outline of the waveguide-to-strip-line coupler. The ground planes
(shorted by the vias) and dielectric layers (supporting the strip line) are not
shown.

waveguide operating below cutoff. Thus, power is restricted to
enter/leave the cavity through the slot or along the strip line.

As the waveguide may extend across an antenna array, mul-
tiple use of the coupler can be used for generating a sought for
antenna aperture distribution in one dimension while simultane-
ously providing a low-loss feed mechanism.

We appreciate that the coupler is simple from a manufacturing
and a mechanical point-of-view as self supporting wires and/or
printed lines in the interior of the waveguide are avoided.

We appreciate that the coupler is a four-port. In order to ana-
lyze the coupler, we shall derive a set of coupled integral equa-
tions. The integral equations will be solved using the method of
moments applying Galerkin testing. The reaction integrals will
be formulated in the spatial domain for the waveguide and slot
regions, while the strip line and vias region will be formulated
in the spectral domain.

The scattering parameters for the coupling obtained by nu-
merical means are validated against experimental results. In this
paper, the time definition is applied.

II. THEORY

In this section, the theoretical background for the numerical
solution of the coupler is given.

The waveguide will be considered infinitely long and with
perfectly conducting boundaries. The strip line will be em-
bedded in a finite number of dielectric layers, each of finite
thickness and each with a complex dielectric constant. The strip
line will be considered infinitely long, perfectly conducting,
and of zero thickness. The vias will be considered perfectly
conducting. We shall analyze the slot as a short section of
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Fig. 2. Geometry of the waveguide-to-strip-line coupler. Cuta, b, and c

(see Fig. 1) show three separate regions with magnetic currents and shorted
apertures, as required by the equivalence principle.

waveguide. In Fig. 1, the symbols defining the geometry of the
coupler are indicated.

A. Decomposition of the Coupler Problem

For the analysis, we shall divide the waveguide-to-strip-line
coupler in three separate regions using the left-hand side and
right-hand side half-space equivalence principle [5]. The result
is shown in Fig. 2. The coupling between the three regions is ac-
complished by a set of magnetic currents located in the shorted
apertures. The magnetic currents ensures the continuity of the
tangential electric field across the apertures, while the conti-
nuity of the magnetic field is enforced by a set of coupled in-
tegral equations. With this procedure, the combined solution of
the three regions are equivalent with the solution to the original
problem.

We shall use three different coordinate systems, one for each
of the three regions (see Fig. 3).

The following relations between the coordinates apply:

(1)

(2)

where is the coordinate of the slot center.

Fig. 3. Coordinate systems and numbering of coupler ports.

We shall apply a local circular cylindrical coordinate system
for each via and the global Cartesian coordinate

system for all vias. The centers of the vias are de-
fined by their coordinates in the Cartesian coordinate system,
i.e., .

B. Derivation and Discussion of the Integral Equations

The integral equations for tangential components of the rele-
vant fields in the three regions of Fig. 2 may be written as

(3)

(4)

(5)

(6)

where denote the waveguide region,the slot region, the
strip line region, and the number of vias. Note that (6) defines
the electric field on the strip line and vias.

In (3)–(6), seven Green's dyadics appear. We shall discuss
these below.

1) Green's Dyadic for the Waveguide Region:The
links the magnetic field in the waveguide to a magnetic current
source in the waveguide. For and directed magnetic
currents, the Green's functions being part of the Green's dyadic
may be derived by expanding the fields of the waveguide in
TE and TM modes. For directed magnetic currents, this
method unfortunately fails. Therefore, the Green's function has
been derived using an intermediate electric vector potential.
We find

(7)
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where the volume contains the magnetic sources. The in-

termediate dyad for the electric vector potential from a
magnetic current may be expressed in the following form [6]:

(8)

where

(9)

Note that the terms of (8) neither indicate nor
modes. Rather, (8) is a representation of the complete

field. The electric and magnetic fields may be computed using
the relations

(10)

and

(11)

Hence,

(12)

2) Green's Dyadics for the Slot Region:The and

links the magnetic field in a shorted section of a wave-
guide, i.e., the slot with the planar magnetic sources located in
front of its shorted apertures.

3) Green's Dyadics for the Line Region:The , ,

, and all pertain to the line region. In this region, the
Green's functions cannot be derived in closed form in the spatial
domain. Furthermore, since the region is unbounded in at least
two dimensions, the Green's dyadics will not be given as a sum
of discrete modes, but rather as a continuous spectrum of modes.

One may obtain the Green's dyadics in the spatial domain by
numerical computation of the double inverse Fourier transform
of their spectral-domain counterparts [7].

In this paper, we shall apply a different formulation where the
integral equations are discretized in the spectral domain. It is
important to note that a spatial-domain formulation and a spec-
tral-domain formulation gives identical results when applied for
the same problem.

Although the spectral-domain Green's dyadics for a general
multilayered medium linking the electromagnetic fields with its
electric and magnetic sources can be derived in closed form, it
will not be done in this paper. Instead, a formulation in which
the spectral-domain Green's dyadics are computed numerically
[8] will be used.

For those of the inner products, defined in Section II-D, which
involve the vias, the work of [8] have been augmented in order
to allow analytical integration in the-direction, i.e., along the
surface of the vias.

C. Expansion of Currents and Fields

1) Incident and Scattered Fields in the Waveguide:For the
waveguide, we shall apply an expansion of TE and TM wave-
guide modes normalized as described in [9, Sec. 8.1].

We shall assume that the only mode propagating unattenuated
(not considering losses) is the mode and that all other
modes are below cutoff. For the incident field in (3), we
shall, therefore, apply the magnetic field of the mode. The
voltage of its electric-field mode vector is set to 1 V. Hence, the
complex voltages of the modes scattered from the slot in
either directions of the waveguide give the scattering parameters
for the waveguide part.

2) Expansion of Aperture Fields in the Slot:In general, the
electric field in either ends of a waveguide is given by a sum
of all TE and TM modes. In this paper, we shall assume that
the slots are in the order of one-half free-space wavelength long
and that their width are small compared to the free-space wave-
length. Further, we shall restrict the analysis to rectangular slots.

In view of the slot size, one may reduce the number of
modes necessary for representing the electric field in the slot to

modes only. In terms of a representation
of the equivalent magnetic currents located in the apertures of
the slot, i.e., and of Fig. 2 we, therefore, obtain

(13)

(14)

where is the upper limit, which truncates the expansion of
the magnetic current. must be selected sufficiently large in
order to ensure that the electric field can always be accurately
modeled. In case of a slot, a conservative choice foris the
nearest integer of . A practical limit of is somewhat
lower as the modes corresponding to increasing values of
becomes strongly evanescent. The's are the unknown weights
and the electric and magnetic mode vectors (and their
longitudinal components) of the TE field are given by

(15)

(16)

(17)

(18)

Further, the eigenfunctions is a solution to
[9, p. 387]. For the rectangular
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waveguide, the boundary condition for the TE field in terms of
is . For the transverse dependence, we obtain

(19)
where and satisfy (9).

3) Expansion of Currents on the Strip Line:For the strip
line, we shall apply an expansion of the electric surface current.
The current will be modeled by incident, reflected, and trans-
mitted waves. For these waves, we shall assume a longitudinal
dependence of . In order to determine the propagation
constant , we shall analyze the strip line with neither the pres-
ence of the aperture nor the vias, using a method similar to the
one in [10]. Using this method, the transverse dependence of the
current is also determined. For future reference we shall denote
the dependence of the-directed current as . Hence,

will be a weighted sum of so-called Maxwellian expan-
sion functions [11].

In order to model the strip-line current in the proximity of
the aperture, we shall include a number of piecewise sinusoidal
modes (PWS) in the expansion. The incident, reflected, and
transmitted modes are

(20)

(21)

(22)

where

if
elsewhere

(23)

if

elsewhere
(24)

if
elsewhere

(25)

if

elsewhere.
(26)

For a discussion of the parameter, the reader is referred to
[12]. is chosen to be an integer .

The PWS modes are

(27)

(28)

where is the half width of theth PWS mode and its center.

Hence, the strip-line current may be written

(29)

4) Expansion of Currents on the Vias:We may think of a
via as a circular cylinder connecting the two ground planes en-
closing the strip line. In this paper, we shall assume that the ra-
dius of a via is small in terms of guided wavelengths in the di-
electric layers surrounding the via. At this point, we, therefore,
assume that the current on the surface of a via is dependent of
the coordinate only.

In order to select an expansion for the currents on the vias,
we need to investigate the behavior of the current flowing on
a via embedded by a number of dielectric layers with different
thicknesses and dielectric constants.

Abusing the notation somewhat, we may write the current
flowing on the surface of via as

(30)

where is the radius of the via andis the Dirac delta function.
Using the continuity equation for the via current, the

boundary condition for the displacement flux vector normal to
the surface of a via, and the boundary condition for the electric
field at an interface between adjacent dielectric layers
embedding a via, we obtain

(31)

where and denote positions infinitesimally above
and below , respectively. As the derivative of is discon-
tinuous across the interface between two dielectric layers, it is
not feasible to expand the-dependent current on a via into a
set of entire domain modes. Therefore, the following expansion
is chosen for the current on via:

(32)

where

if layer no.
otherwise

(33)

where is a complex weight (constant) for the th
expansion function in layer and is the distance between
the ground planes enclosing the strip line. We appreciate that

is satisfied at the surface of the two ground
planes.

The current on a via must be continuous and (31) must be
satisfied. Therefore, we may impose the following conditions
between the weights of the expansion functions for the
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dependence of the via current at the interface ( )
between two neighboring dielectric layers:

(34)

(35)

We appreciate that (34) and (35) define a set of relations be-
tween the expansion modes on the vias that enforces the proper
behavior of the current and charge distribution along the surface
of the vias.

5) Substituting the Unknown Currents:In (3)–(6), the inci-
dent magnetic field in the waveguide and the incident cur-
rent on the strip line are assumed known. Substituting the
aperture currents 's, the line current and , and
the current on the vias using (13), (14), (29), and (32), re-
spectively, yields four equations with
unknown (complex) expansion coefficients
and .

D. Enforcing the Boundary Conditions and Weighting the
Integral Equations

In order to obtain a quadratic linear system of equations in the
unknown expansion coefficients, the continuity of the magnetic
field across the two apertures and a zero tangential electric field
on the strip line and the vias is enforced. Thus, the equations
obtained are discretized using the Galerkin method.

We introduce the notation in (36) in order to define an inner
product between a field quantity and a weight function in
terms of a surface (or volume) integral in field point coordinates

(36)
1) The Aperture Facing the Main Waveguide:In the aper-

ture facing the main waveguide, we shall weight
the magnetic field (3) and (4) using the magnetic current,
defined in (13). We obtain

(37)

where

(38)

(39)

(40)

(41)

We shall denote the waveguide self admittance, the
slot self admittance, and the slot transfer admittance.

2) The Aperture Facing the Strip Line:In the aperture
facing the strip line, we shall weight the magnetic field (4)

and (5) using the magnetic current defined in (14). We obtain

(42)

where

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

3) The Strip Line: On the strip line, we shall deviate from
the strict use of the Galerkin method of moments procedure. The
justification is that and are not suited as weight func-
tions. Both and are derived from a solution of the infi-
nite strip-line problem. Hence, the boundary conditions for the
electric field on the strip line are automatically satisfied when
considering and as expansion functions (sources) for
the field. Hence, two additional weight functions are required
for obtaining a quadratic linear system of equations in the un-
known expansion coefficients (see Fig. 4). Weighting the elec-
tric field (6) on the strip line yields

(51)
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Fig. 4. Expansion (and weight) functions on the strip line.

where

(52)

(53)

(54)

(55)

(56)

(57)

4) The Vias: On the vias, we shall weight the electric field
(6) using the expansion for the electric current in (32). We
obtain

(58)

where

(59)

(60)

(61)

(62)

(63)

(64)

where denotes one of the
weighting modes (identical to the expansion modes (32) as we
apply the Galerkin technique).

At this point, it should be noted that part of the equations ob-
tained from (58) may be replaced by the current/charge relations
for the via current in (34) and (35). Care should be taken in order
to avoid that linear dependent equations are introduced into the
matrix equation for the full method-of-moments solution.

E. Method-of-Moments Matrix for the Coupler Problem

By means of the Galerkin method, with the small modifica-
tions of two additional PWS functions on the strip line, we have
obtained (37), (42), (51), and (58). We may write these in matrix
form (65), shown at the bottom of this page. Solving (65) yields
the scattering parameters on the strip line. In order to obtain the
reflected and transmitted modes in the main waveguide, we need
to consider radiating into the interior of
the main waveguide. We shall treat this problem in Section II-F.
We shall treat the numerical computation of the elements of (65)
below. Most of the elements concerned with the waveguide and
slot can be derived in closed form. These are, , , and

.
1) The Waveguide Self Admittance:For the waveguide self

admittance (38), using (12) and (13), we obtain

(66)

where and satisfy (9).

(65)
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The and terms are given by

(67)

and

when

when (68)

2) The Slot Self Admittance:We appreciate that the slot self
admittances given by (39) and (44) agree. The general result
is

when

when
(69)

3) The Slot Transfer Admittance:The slot transfer ad-
mittances given by (40) and (45) may be obtained using
(13)–(15) and (17) as follows:

when

when
(70)

4) The Current due to an Incident Mode in the Main
Waveguide: In this paper, is derived by combining the deriva-
tions of Section II-F with the reciprocity theorem

when is odd

when is even.
(71)

Note that the result depends of the propagation direction of the
incident mode. The upper sign (whenis even) for
applies to incident waves propagating in the positive direction
of the axis and the lower sign to incident waves propagating
in the negative direction of theaxis.

5) Inner Products Corresponding to the Coupling Between
the Slot and Vias:The inner products corresponding to the cou-
pling between the slot and vias are the and ele-

ments. (As a consequence of reciprocity, when
and .)

Due to the techniques used for the numerical computation
of the inner products, a direct integration of the electric field
on a via (with a cylindrical surface) from the magnetic current
(within a rectangular slot), i.e., or vice versa, i.e., is
not feasible [5], [12].

For the and elements, we shall, therefore, apply
the approximation that the currents on the vias are not cylin-
drical surface currents, but line currents located on the axis of
the vias. The corresponding currents are defined as

(72)

where the local cylindrical coordinates are assumed for each via,
while global Cartesian coordinates are used with the centers of
the vias located at .

In order to maintain the reciprocity relation between and
, we shall test the electric field on a via along its center

axis instead of on its surface.
The approximation of (72) holds when the radius of a via is

small compared to the guided wavelength in the dielectric layers
embedding the via.

6) Inner Products Corresponding to Self and Mutual Cou-
pling Between Vias:The inner products corresponding to the
self and mutual coupling between vias are the elements.

A direct integration of the electric field on a via (with a cylin-
drical surface) from its electric current, i.e., the self coupling, is
possible [5]. However, a direct integration of the mutual terms
are not possible.

Nevertheless, it is possible to compute the electric field, from
the true cylindrical electric surface current on a via, along a line
at a distance from the source, i.e., on the line defined by

. As a consequence of the rotational symmetry of
the geometry, the field shall be independent of.

In terms of the numerical effort, we save one integration, as
the integration may be performed analytically.

We may, therefore, compute the mutual coupling terms be-
tween a via () and a via () using the value of the electric
field radiated from via () at a number of positions, i.e.,

, selected such that they encircle via (). Interpo-
lation has been applied as a mean for increasing the numerical
efficiency. The surface integration of via () directly follows.

Hence, all elements of are computed numerically
without approximation.

7) Inner Products Corresponding to the Coupling Between
the Strip Line and Vias:The inner products corresponding to
the coupling between the strip line and vias are the ,

, , and elements. (As a consequence of reciprocity,
the elements of when and .)

As a matter of simplification, we shall not compute any of
these inner products. The electric field scattered or radiated of
a symmetric strip line is antisymmetric with respect to the-di-
rected electric field along the axis of a via. The corresponding,
i.e., antisymmetric, current on a via may be obtained from (33)
with odd. Although antisymmetric current on the vias will be
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excited due to the presence of the slot, the coupling to the line
is weak. The reason being twofold is as follows.

• The antisymmetric currents (corresponding to (33) with
odd) are expected to have much smaller amplitude than

the symmetric current (corresponding to (33) with
). Hence, their scattered/radiated field also have smaller

amplitude.
• The field scattered/radiated from the symmetric current

) propagate as an unattenuated parallel-plate
mode. The symmetric mode does not couple to the
symmetric strip line.

The field scattered/radiated from the higher order currents on the
vias, i.e., propagate as evanescent parallel-plate
modes. Hence, their attenuation ensures that the coupling to the
strip line can be neglected.

Therefore, all elements of the , , , , and
inner products are set equal to zero.

8) Remaining Inner Products:For the remaining inner
products, the inherent fourfold (spatial domain) integrals are
reduced by analytical means to two-dimensional (spectral
domain) integrals. No other option exists than performing these
integrations by numerical computation [12].

F. Scattered Modes in the Waveguide

Once the magnetic current, i.e., the electric field in the slot
aperture has been found, we need to determine the waves prop-
agating in either direction of the main waveguide.

Assuming that all sources are magnetic and confined to a fi-
nite volume , the reciprocity theorem [13, p. 128] reduces to

(73)

where is the field to be determined and is
known from solving (65).

is defined (in the waveguide coordinate system) by

(74)

Since is solely directed, it does not support TM
modes in the main waveguide. The three remaining quantities,
i.e., and will be formulated differently in the case
of backward and forward scatterd waves in the main waveguide.
We shall, therefore, treat these two cases independently.

In the remainder of this section, the subscripts of the Carte-
sian waveguide coordinates will be suppressed.
Hence, and .

1) Scattered Waves in the Negative Direction of the
Axis: With unknown, we shall expand it into a sum of
known waveguide modes with unknown coefficients ,
propagating in the negative direction of the axis

(75)

Fig. 5. The waveguide-to-slot interface. The current sheet�N is located atS
or S .

We shall select such that a single mode propagates in the
positive direction of the axis for in Fig. 5. Hence,

(76)

where is understood to be the voltage of a single TE or TM
mode.

For , the magnetic surface current supports the
magnetic field

(77)

We substitute (74)–(77) into (73). Using the orthogonality rela-
tion of [9, Sec. 8.1], we obtain

(78)

which may be written in the compact form

(79)

where

(80)

Hence, is the ratio between the current of the th
mode propagating in the negative direction of the main wave-
guide axis and the voltage of the th mode in the
aperture of the slot.
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Substituting of (80) using (18) and (19) with
and performing the indicated integrations yields

when is odd

when is even.
(81)

2) Scattered Waves in the Positive Direction of the
Axis: Following a similar line of reasoning, we obtain

when is odd

when is even.
(82)

3) Concluding Remarks:We may summarize the deriva-
tions made in this section by defining a slot to waveguide
admittance , which links the mode voltage of a mode
in the slot aperture facing the waveguide with theth mode
current scattered in either direction of the main waveguide

(83)

where

when is odd

when is even
(84)

where the upper sign pertains to waves scattered in the positive
direction and the lower sign pertains to waves scattered in the
negative direction of the main waveguide.

G. Normalization of Scattering Parameters

The numbering of the four-ports of the coupler are as indi-
cated in Fig. 3. The reference planes are located at for
ports 1 and 2 and at for ports 3 and 4. For normaliza-
tion purposes, the power incident in the waveguide and the strip
line are computed. For the waveguide, we obtain [9, Sec. 8.1]

V
V (85)

For the strip line, we integrate the Poynting's vector between the
ground planes on the surface . The numerical integration
is performed in the spectral domain [12]

(86)

where all elements of the spectral-domain Green's dyads are
functions of .

1) Parameters: In order to derive the parameters,
we apply the incident current of (20) on port 1, while the
waveguide mode incident on port 3 (and 4) is left out. With
all elements equal to zero, we solve (65). We then obtain

(87)

2) Parameters: In order to derive the parameters,
we apply the incident waveguide mode on port 3, while
the incident current on port 1 (and 2) is left out. With all, ,
and elements equal to zero, we solve (65). We then obtain

(88)

The remaining and elements are readily obtained using
reciprocity and the geometrical symmetry of the coupler.

III. RESULTS

1) Geometry: To validate the electromagnetic model, an ex-
perimental coupler containing the waveguide-to-strip-line cou-
pler was built. In Fig. 6, a photograph of the individual parts
comprising the experimental coupler is shown. In Fig. 7, the
position of the vias with respect to the strip line, aperture, and
waveguide is shown. In Fig. 8, the cross section of the dielec-
tric layers is shown with the location of the strip line indicated.
Table I contains the relevant geometrical data. Note that the
cross section of the slot used in the experimental coupler is,
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Fig. 6. Experimental waveguide-to-strip-line coupler.

Fig. 7. Position of vias.

Fig. 8. Cross section of dielectric layers.

TABLE I
GEOMETRICAL DATA OF THE

WAVEGUIDE-TO-STRIP LINE COUPLER

in fact, rectangular. First, a rounded-end slot has been milled.
Second, the slot ends have been reamed using a broach blade
into their final right-angled shape.

2) Measurements:The location of the reference planes (as
defined in Section II-G) implies that the waveguide and strip

line losses are to be extracted from the measurements in order
to compare with the computed scattering parameters obtained
using the electromagnetic model. Therefore, the following mea-
surements have been made.

1) Prior to measuring the coupler, the inner surface of the
waveguide containing the slot have been covered by con-
ductive copper tape, leaving a 20-mm section open in the
vicinity of the slot. Hence, the waveguide losses become
identical in the present item and in item 2. All six combi-
nations of two-port measurements have been made using
an HP8722D network analyzer. For the port (1, 2) and (3,
4) measurements, standard two-port calibration in 3.5 mm
and -band waveguide have been applied, respectively.
For the port (1, 3) (1, 4), (2, 3), and (2, 4) measurements,
the so-called adapter removal calibration [14] has been
applied.

2) The waveguide losses have been measured with the inner
surface of the waveguide containing the slot fully covered
by copper tape and with a 20-mm section left open at a
location without the presence of the slot.

3) The connector losses are obtained from reflection mea-
surements on shorted SMA ports (port 1 and 2). The mea-
surements have been made directly on the connector of
the network analyzer. Hence, no cables were involved.

4) The combined SMA connector and and strip-line losses
have been measured with the slot in the ground plane of
the strip-line circuit covered by copper tape.

Using the measurements of items 2–4, the lumped loss of the
connectors, lumped loss the copper tape/no copper tape transi-
tions (within the waveguide), and loss factors, i.e.,of ,
of the strip line and of the waveguide, respectively, were quan-
tified. These lumped and distributed losses have been extracted
from the measurements of item 1.

3) Refinements of the Electromagnetic Model:The finite
thickness of the strip line has been included in the analysis
using Wheeler's formulation [15] providing a correction term

to the width of an equivalent zero thickness strip line.
As the vias are closely spaced (see Fig. 7), the electromag-

netic field inside the cavity (formed by the ground planes and
vias) is nonzero, while the electromagnetic field outside the
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Fig. 9. Computed(S) and measured(M) scattering parameters of the coupler. “Center of current” displacement not applied.

cavity tends toward zero. Accordingly, we will encounter that
the electric current on a via will be nonzero on the part of its
surface facing the inside of the cavity, while the current on the
part of its surface facing the outside of the cavity will be zero.

As a first-order approximation, we, therefore, assume the fol-
lowing dependence of the surface current of a via located with
its symmety axis conincident with theaxis of a circular cylin-
drical coordinate system and with theaxis pointing toward the
slot:

if

if (89)

We shall define the “center of current ” (i.e., cc), in analogy with
the center of gravity concept as follows:

(90)

Substitution of (89) in (90) yields

(91)

For this study, the consequence of neglecting thedepen-
dence of the via current is that the cavity becomes electrically
slightly oversized. Computed data confirms this, as the reso-
nance frequency is 125 MHz, i.e., 1.3%, off the measured reso-
nance frequency of the experimental coupler.

As an alternative to modifying the expansion functions used
for the currents on the vias, we have chosen to decrease the size
of the cavity by artificially moving all vias. The upper row (of
vias) and the upper part of the cutoff section are displaced down-
wards, the right-hand-side column is displaced to the left-hand
side and the remaining vias are displaced such that point sym-
metry with respect to the center of the slot is maintained. Using a
displacement of 275µm ensures perfect agreement between the
computed and measured resonance frequencies. We appreciate
that 275µm is in close agreement with the µm
center of current.

4) Convergence and Consistency Aspects:Due to the use of
expansion functions, which provide the proper edge conditions

for the strip line and slot currents, as well as the proper cur-
rent and charge distributions on the vias at the interface between
the dielectric layers/ground planes, the numerical solution con-
verges rapidly in terms of the number of expansion functions
used. For the computations presented in this paper, is a
weighted sum of four Maxwellian modes [12], , ,

, , and .
All possible checks involving reciprocity among the elements

of the matrix in (65) agrees. Further, the conditions for the scat-
tering parameters of a dissipationless and reciprocal four-port
are fulfilled.

5) Computed Scattering Parameters:In Fig. 9, the com-
puted (without moving the vias) and measured scattering pa-
rameters for the coupler is shown. Note that ,

,
, , and .

In Fig. 10, the computed (with the vias moved according to
the “center of current” concept) and the measured scattering
parameters for the coupler is shown. The agreement between
the computed and measured scattering parameters of Fig. 10 is
within the measurement accuracy, except for the, , ,
and parameters. We expect the discrepancy to be due to the

, , , , and inner products, i.e., the direct
coupling between the vias and line, being set equal to zero. This
may also explain that the resonance apparent at 10.45 GHz is
not predicted.2

The experimental coupler couples−8 dB in two ports, which
may be combined into−5 dB. Investigations prove that use of
the slot offset is not feasible for an increase of the coupling.
Stronger coupling may be obtained by matching the difference
mode scattered off the slot onto the strip line by altering the
strip line into a matching circuit (see Fig. 11). Weaker coupling
is obtained by moving the slot toward the center of the broad
side of the waveguide.

In Fig. 12, the currents (which are virtually identical in all
layers) on each individual via is shown. The currents have been
normalized with respect to the maximum current that flows on
the four vias being located closest to the center of the slot.
The height of a cylinder indicates the computed and normalized

2In [4], a similar resonance was attributed to the vias.
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Fig. 10. Computed(S) and measured(M) scattering parameters of the coupler. “Center of current” displacement of 275µm applied.

Fig. 11. Strip-line matching circuit for increased coupling.

Fig. 12. Computed amplitude of via currents at resonance, i.e.,f = 9:75
GHz. The source is an incidentTE mode in the waveguide, i.e.,i 6= 0; i =
v = v = 0.

amplitude of the current on the co-located via. A linear scale has
been applied. The resonance of the cavity and the waveguide
cutoff effect of the two sections along the strip line is visible.

IV. CONCLUSION

In this paper, the waveguide-to-strip-line coupler has been de-
scribed theoretically. The description is based on an integral-
equation model for the problem where a space-domain formu-
lation has been applied for the waveguide and slot regions and a
spectral-domain formulation has been applied for the strip-line
region. The notation applied for the involved coupling terms
facilitates a network interpretation using admittances (imped-
ances), as well as voltage and current generators.

Refinements to the integral-equation model have been dis-
cussed and have been implemented. The so-called “center of

current” concept is shown to improve the predicted resonance
frequency of the coupler. Future improvements of the electro-
magnetic model may include the azimuthal variation of the cur-
rent on the surface of the vias. Investigations of this kind are
underway.

Computed and measured scattering parameters are in excel-
lent agreement. The computed and measured scattering param-
eters corresponding to the coupling terms, i.e.,, etc., agree
within 0.1 dB at the resonance frequency.

Computed data for the currents on the vias demonstrate that
the vias surrounding the slot operates as four sides of a cavity.
Also, the cutoff operation of the vias located along the strip line
is demonstrated.

In summary, this paper has described a theoretically well-
founded electromagnetic model that enables accurate design of
practical waveguide-to-strip-line couplers.
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