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Analysis of Stripline-Fed Slot-Coupled
Patch Antennas with Vias for

Parallel-Plate Mode Suppression
Arun Bhattacharyya,Senior Member, IEEE, Owen Fordham, and Yaozhong Liu

Abstract— The paper presents an analysis of slot-coupled
stripline-fed patch antennas with vias around the slot to
minimize the power launched into the parallel-plate mode. A
moment-method scattering formulation is invoked to include the
effect of vias on the impedance characteristics of the antenna.
Coupling between the stripline feed and the ground-plane
slot is obtained by invoking reciprocity. Two design examples
were fabricated and the measured input impedances verify
the accuracy of the analysis. Vias considerably modify the
impedance and resonant characteristics of a patch antenna.
Radiation efficiency of patch antennas with and without vias is
studied and proper location of the vias is shown to drastically
reduce power in the parallel-plate mode.

Index Terms—Microstrip antennas, stripline-fed, vias.

I. INTRODUCTION

T HE slot-coupled patch is an attractive radiating element
for phased arrays since it is simple to fabricate and the

feed circuit does not disturb the radiation patterns [1]–[8].
There is an increasing demand to integrate patch antennas with
monolithic microwave integrated circuit (MMIC) devices such
as phase shifters and solid-state power amplifiers (SSPA’s) for
phased-array applications. The MMIC’s are typically placed
underneath the ground plane of the patches to allow direct
interface with a heat sink. The input ports of the SSPA’s
often must be isolated from the feed circuit with another
ground plane to avoid potential feed-back/oscillation problems.
However, introduction of this second ground plane allows
parallel-plate modes to exist in the feed circuit layers, which
have a “stripline” configuration. The lowest order parallel-plate
mode has zero cutoff frequency. When a significant amount of
power is launched into the parallel-plate modes, the radiation
efficiency of the patch antenna is reduced. Also, the parallel-
plate mode can cause mutual coupling between elements of the
array, which may alter the amplitude and phase distributions
from their intended values.

In a stripline-fed slot-coupled patch antenna, the parallel-
plate modes are excited at the slot discontinuity in the upper
ground plane. A practical way to suppress the parallel-plate
modes without significantly affecting the stripline mode is to
introduce conducting vias around the slot. However, the input
impedance of the patch antenna changes significantly due to
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scattering of the parallel-plate mode from the vias. To design
for first-pass success, the effect of the vias must be included
in the analysis.

Many investigators have developed accurate analyses of
microstrip-fed slot-coupled patch antennas [1]–[8]. Only em-
pirical results have been reported for slot-coupled patch anten-
nas with “stripline” feeds and mode-suppressing vias [9]. Anal-
ysis of vias used for interconnecting striplines/microstriplines
is reported in [10]. In [11], experimental results for a stripline-
fed slot coupled patch antenna with mode-suppressing vias
are reported. However, no analysis of the mode-suppressing
vias is presented. In this paper, we introduce a model to
analyze stripline-fed slot-coupled patch antennas with vias
around the slots. The strip is located at the interface of two
dielectric layers. To obtain a reasonable coupling between the
stripline and the slot, the upper dielectric layer (slot side)
should be thinner and of higher permittivity than the lower
dielectric layer. Such an asymmetric stripline feed sustains
microstrip-like fields, but vias are still required to suppress
the parallel-plate mode.

Our formulation applies the method of moments (MoM)
with Galerkin’s procedure in the spectral domain. The entire
problem is divided into two coupling problems: 1) coupling
between the slot and the stripline feed in the presence of vias
and 2) coupling between the slot and the patch. The vias
are modeled as cylindrical scatterers with ground planes at
both ends. To make the analysis accurate, the fields on the
slot aperture are represented by several mutually orthogonal
modes. Lorentz’s reciprocity theorem is then invoked to con-
struct a generalized equivalent circuit for the coupling between
the slot modes and the feed line. The interaction between
the slot and the open end of the strip line is ignored; thus,
our solution is not a full moment solution. The equivalent
circuit consists of a generalized transformer and two general-
ized shunt admittances (admittance matrices). One admittance
matrix represents radiation from the slot on the feed side of
the ground plane and includes the effect of scattering from
the vias. The other admittance matrix represents radiation on
the patch side of the ground plane and includes the scattering
from the patch metallization. A general matrix formulation is
presented to handle the scattering problems in both sides, and
the input impedance seen by the feed line is deduced from the
equivalent circuit. To verify the accuracy of the formulation,
comparisons between computed and measured impedances are
presented.
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II. COUPLING BETWEEN SLOT AND FEED LINE

The geometry of a slotline-fed aperture-coupled patch is
shown in Fig. 1. To determine the electromagnetic coupling
between the slot and the feed line, we assume that the feed
line extends from�1 to +1 alongx and place the slot axis
along y. We then use Lorentz’s reciprocity theorem [12] to
construct the equivalent circuit. The electric field in the slot
is expressed as

~Eslot =
X
n

Vsn ~esn(x; y) (1)

whereV
sn

is the modal voltage and~e
sn

is the modal voltage
vector [13] for thenth waveguide mode.1 The modal voltage
vectors are orthonormal so thatZZ

slot

~esn(x; y):~esm(x; y) dx dy = �mn (2)

where�mn is the Kronecker delta. The voltage discontinuity
across the slot can be determined by invoking Lorentz’s
reciprocity theorem [12]. Following the procedure detailed in
[2], [7], the discontinuity in the modal voltage�V is derived
to be

�V =
X
n

TnVsn (3)

where

Tn = �t
sin(�mt=2)

�mt=2

Z l=2

�l=2
~esn �~hm:ẑ dy (4)

and l and t are the length and width of the slot,�m is the
propagation constant of the feed line, and~hm is the modal
magnetic field vector of the feed line. In derivingTn, the slot
is assumed to be narrow and the slot’s field to be uniform
alongx. Fig. 2 shows the circuit representation of (3). In the
equivalent circuit the column matrix[Vs] represents the modal
amplitudes of the voltage across the slot. Note that the turns
ratio of the transformer is a row matrix, according to (3).
A lumped admittance matrix must be added to account for
radiation from the slot into the feed layers (power coupled into
undesired guided-wave modes). Another admittance (matrix)
represents power coupled to the patch. In the following section,
the admittance of the slot due to radiation into the feed layers
will be considered.

III. GALERKIN’S PROCEDURE FORSLOT ADMITTANCE

In this section, we invoke Galerkin’s procedure to formu-
late the feed-side admittance of the slot in the presence of
conducting vias. The top-view of a slot with vias is shown in
Fig. 3. We assume uniform current distribution on the outer
surface of each via. The formulation can easily be extended
for several basis functions on each via. However, a uniform
current distribution assumption is reasonable, because the feed
layers are usually electrically thin (less than 0.1�), which does
not allow the longitudinal current to vary rapidly along the via
axis. Furthermore, stationary expressions are used to obtain

1We consider the slot as a rectangular waveguide, carrying several wave-
guide modes.

Fig. 1. Top view and side view of a stripline-fed slot-coupled patch element
with vias for parallel-plate mode suppression.

Fig. 2. Equivalent circuit representation of the patch antenna in Fig. 1.

Fig. 3. Arrangement of vias around a ground plane slot.

the self and mutual impedances, therefore, the final results are
insensitive to small errors in the via current distribution. Let
Ii, i = 1, 2, 3, � � �, N be the current amplitudes induced on
N vias by the slot aperture fields. Then, using Galerkin’s test
procedure, we obtain the following equations:

NX
j=1

Ijhi; ji + hi; si = 0; i = 1; 2; � � � ; N (5)
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where hi; ji is the mutual reaction between theith and jth
vias andhi; si is the mutual reaction between the slot and
the ith via, with the via current amplitudes set to unity. The
mutual reaction between the slot andith via can be expressed
in terms of the slot modal voltages as

hi; si =
X
n

Vsnhi; sni (6)

wherehi; sni is the mutual reaction between theith via and
the electric field of thenth waveguide mode spanning the slot.
The reaction terms will be deduced later. Substituting (6) in
(5) we obtain the following matrix equation:

[Rv][I] = �[SI][V s] (7)

where [Rv] is a square matrix with elements consisting of
self and mutual reactions between via currents and[SI] is
a rectangular matrix with elements that are mutual reaction
terms between slot modes and via currents.[I] is the current
amplitude vector for the vias and[V s] is the modal voltage
vector across the slot surface. From (7) the unknown current
amplitude vector can be found in terms of the slot modal
voltage as

[I] = �[Rv]�1[SI][V s]: (8)

The reaction between the vias and field across the slot is given
by

hVias; Sloti = [I]T [SI][V s]: (9)

We substitute (8) into (9) to obtain

hVias; Sloti = �[V s]T [SI]T [Rv]�1[SI][V s]: (10)

Note that[Rv]T = [Rv] because[Rv] is a symmetric matrix.
Therefore, the contribution of the vias to the admittance matrix
of the slot is

[Y sv] = [SI]T [Rv]�1[SI]: (11)

The total admittance matrix seen by the slot is

[Y slot] = [Y sv] + [Y ss] (12)

where [Y ss] is the self-admittance matrix of the slot whose
elements are the self and mutual reactances between the
orthonormal slot modes. Equation (11) holds if more than one
basis function is used to represent the current on a via. In
that case, the order of the[Rv] matrix would be increased
to Np � Np, wherep is the number of basis functions used
for each via current. The order of[SI] matrix would increase
accordingly.

A. Self and Mutual Reactions of Vias

A uniform surface current on a cylindrical via can be
expressed as

~I =
I0
2�r

�(�� r)ẑ (13)

where I0 is the total current on a via,r is the via’s outer
radius, and� = 0 is the location of the via’s center.

In practical feeds, the vias pass through an asymmetric
two-layered dielectric structure, so a multilayered analysis is
necessary. Thez-directed via currents will not produce any
TEz mode [14, p. 10], therefore, we need to consider the
TMz mode fields only. The TMz field components can be
constructed from thez component of the electric displacement
vector Dz [14]. In the two-layered structure bounded by
ground planes atz = 0 and z = h1 + h2 (Fig. 1), Dz can
be expressed as

Dz =

�����AH
(2)
0 (k��) cos(k1zz); z < h1

BH
(2)
0 (k��) cosfk2z(z � h1 � h2)g; z > h1

(14)

with k1z =
q
k20"1 � k2� andk2z =

q
k20"2 � k2�. The above

expression is valid for the region� > r. In the region
� < r, the Hankel functionH(2)

0 (:) should be replaced by
the Bessel functionJ0(:). Continuity ofDz at z = h1 gives a
relation between A and B. FromDz, we can find the magnetic
field components in each region. Continuity of the tangential
magnetic field atz = h1 yields the following transcendental
equation:

k1z
"1

tan(k1zh1) +
k2z
"2

tan(k2zh2) = 0: (15)

The above equation can be solved numerically fork�. Each
real root corresponds to a propagating parallel-plate mode.
Considering all possible TMz parallel-plate modes, the dis-
placement vector componentDz can be written as

Dz =

��������

X
i

AiH
(2)
0 (k�i�)fi(z); � > r

X
i

BiJ0(k�i�)fi(z); � < r
(16)

where

fi(z) =

������
cos(k1ziz); z < h1

cos(k1zih1)

cos(k2zih2)
cosfk2zi(z � h1 � h2)g; z > h1

(17)

andk�i is the ith solution of (15). It can be shown thatfi(z)
forms a complete set of orthogonal functions [14, p. 68], with
the orthogonal relation given byZ h

0

fi(z)fj (z)

"(z)
dz = 0; i 6= j; h = h1 + h2: (18)

This orthogonal relation is used to expand the via current
in terms of the parallel-plate mode functions. After algebraic
manipulation, the expression forAi in (16) is obtained as

Ai = I0

"
k2�iT1i

4!T2i
J0(k�ir)

#
= I0Ki (19)

whereKi represents the quantity inside the square bracket.
T1i andT2i are integrals given by

T1i =

Z h

0
fi(z)="(z) dz (20)

T2i =

Z h

0

f2i (z)="(z) dz: (21)
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For a two-layered medium bounded by ground planes atz = 0
andz = h1+h2, T1i, andT2i have the following closed forms:

T1i = cos(k1z ih1)[tan(k1zih1)=(k1zi"1)

+ tan(k2zih2)=(k2zi"2)] (22)

T2i =
h1
2"1

[1 + Sn(2k1zih1)]

+
h2
2"2

[1 + Sn(2k2zih2)]
cos2(k1zih1)

cos2(k2zih2)
(23)

whereSn(x) = sin(x)=x. The self reaction of a via is given by

hI0; I0i = �I20
X
i

KiH
(2)
0 (k�ir)T1i: (24)

The mutual reaction between two vias of currentsI1 and I2
is derived as

hI1; I2i =�I1I2
X
i

Ki
1

2�r

I
via2

T1iH
(2)
0 (k�i�12) dl

(25)

where �12 is the distance between the center of via 1 to a
surface point of via 2. The integration is taken around the
contour of via 2. If the vias are sufficiently separated from
each other such thatr � �12, the mutual reaction simplifies
to

hI1; I2i = �I1I2
X
i

KiH
(2)
0 (k�ir12)T1i (26)

wherer12 is the center-to-center distance between the two vias
andKi is defined in (19). The normalized mutual reaction for
use in (5) is given by

hi; ji =
hIi; Iji

Ii Ij
= �

X
i

KiH
(2)
0 (k�ir12)T1i: (27)

B. Mutual Reaction Between a Via and the Slot

The mutual reaction between current on a via and a modal
field on the slot is defined as

hVia; sni =
ZZ
slot

(~esn � ~Hv):ẑ dx dy (28)

where~esn is the modal electric field vector for thenth slot
mode and~Hv is the magnetic field vector produced by the via
current. The magnetic field vector can be determined fromDz

in (16) using the procedure detailed in [14]. For the slot shown
in Fig. 3, the aperture field is directed alongx; therefore, the
y component of the via’s magnetic field is of interest. At the
slot location, this component of the via’s magnetic field is

Hvy = j!
X
i

AiH
(2)
1 (k�i r)

x

k�i�
: (29)

The via is assumed to be located atp = 0. Equation (29) is
substituted into (28) forHvy and the final expression for the
mutual reaction becomes

hV ia; sni = j!xst
X
i

Ai

k�i

Z y
s
+l=2

y
s
�l=2

� esnx
H

(2)
1

�
k�i
p
x2
s + y2

�
p
x2
s + y2

dy: (30)

In (30), (xs; ys) is the relative coordinate of the slot’s center
with respect to the via-center. The slot is assumed to be
electrically narrow. The above equation is used forhi; sni
in (6), with Ai given by (19) andI0 set to unity.

C. Self Reaction of the Slot

To find the[Y ss] term in (12), we need to obtain the self-
reactions between the modal fields on the slot. We introduce
two infinitely long magnetic walls on either side of the slot,
running perpendicular to the slot axis as shown in Fig. 3. In the
presence of these fictitious magnetic walls, the parallel-plate
modes become plane waves as opposed to cylindrical waves,
which simplifies the analysis considerably. If the magnetic
walls are several wavelengths away from the slot location,
the self-reaction computation will be sufficiently accurate for
most applications.

The electric field of thenth mode in a narrow slot can be
expressed as

~esn = x̂esnx: (31)

The equivalent magnetic current is given by

Mn = x̂� ẑesnx�(z) = ŷMyn�(z)

�t=2 < x < t=2: (32)

The magnetic current component can be expanded in a Fourier
series as

Mn = ŷ
X
i

M (i)
yn cos(2�iy=w)�(z) (33)

where w is the separation between two fictitious magnetic
walls. Now consider a magnetic line current atx = x0,
represented by

myi = ŷ�(x� x0) cos(2�iy=w)�(z): (34)

Using a mode-matching procedure, the magnetic field pro-
duced by the above magnetic line current is given by

hyi(x; y; z; x0) =
! kxi

2k2�1T21
expf�jkxi(x� x0)g

� cos(2�iy=w): (35)

The+ and� signs correspond tox > x0 andx < x0 regions,
respectively.T21 is the integral defined in Section III-A.k�1
is the lowest order zero of (15) andkxi =

q
k2�1 � (2�i=w)2.

To obtain this result, we assumed that only the lowest order
TMz mode is excited, which is valid for thin dielectric layers.
Using superposition, the magnetic field produced by thenth
slot mode is

Hyn =
X
i

M (i)
yn cos(2�iy=w)

Z t=2

�t=2

hyi(x; y; z; x0) dx0:

(36)

The mutual admittance between themth andnth slot modes
is given by

Y ss(m; n) =

ZZ

slot

exmHyn dx dy: (37)
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After double integration we obtain

Y ss(m; n) =
X
i

�2!"0E
(i)
m E

(i)
n

kxik
2
�1w�iT21

� [1� jkxit� exp(�jkxit)] (38)

where�0 = 2; �i = 1; i 6= 0. E(i)
m is given by

E(i)
m =

2

w�i

Z l=2

�l=2

exm cos(2�iy=w) dy: (39)

The above expression forY ss(m; n) defines the elements of
[Y ss] in (12).

IV. I NPUT IMPEDANCE

To find the input impedance seen by the feed line, we
determine the patch-side admittance of the slot. We use the
same procedure as in Section III. In this case, the equivalent
slot-admittance matrix can be expressed as

[Y slot0] = [Y sp] + [Y ss0] (40)

where the prime denotes the admittance for the patch side.
[Y ss0] is the patch side self-admittance matrix of the slot
modes if the patch metallization is not present. Following
(11), [Y sp] is given by

[Y sp] = [SP ]T [Rp]�1[SP ] (41)

where[SP ] is the mutual reaction matrix between slot modes
and the current basis functions on the patch surface and[Rp]
is the self- and mutual-reaction matrix between various current
basis functions on the patch surface. To obtain the elements
of these matrices, we apply the spectral-domain technique.
The fields are expressed in terms of infinite Sommerfeld-type
integrals for an isolated patch [1], [2], [7], [8], while Floquet
modal fields are used for an infinite patch array [15].

The input impedance seen by the feed line can be obtained
directly from the equivalent circuit shown in Fig. 2. The input
impedance is given by

1

Zin
= [T ]Tf[Y slot] + [Y slot0]g[T ] (42)

where the elements of the column matrix[T ] can be obtained
from (4). The[Y slot] and [Y slot0] matrices are given in (12)
and (40), respectively.

V. RESULTS AND DISCUSSIONS

The entire formulation was programmed in FORTRAN and
used to design stripline-fed slot-coupled patch arrays for a
20-GHz application. A rexolite substrate was chosen for the
patch layer. The feed strip was located at the interface of
two different substrates: TMM-10 between the strip and the
slot’s ground plane and TMM-3 between the strip and the
bottom ground plane. The asymmetric stripline structure was

Fig. 4. Waveguide simulator for active impedance measurement.

necessary to yield reasonable input resistance for the patch
antenna.

We measured the active input impedances of two patch
arrays using the waveguide simulator technique [15]. A rect-
angular waveguide was fabricated witha and b dimensions
corresponding to two and one element spacings, respectively.
One end of the waveguide contained a slot-coupled patch
centered in the cross-section, with the waveguide wall shorted
by the patch ground plane. Two passive half-patches on either
side were shorted to the narrow walls of the waveguide.
The arrangement is shown in Fig. 4 and is equivalent to the
environment in an infinite array scanned to 24� in the H-plane.
The waveguide was terminated in a good match using a tapered
absorber. A stripline-to-coaxial transition was connected to
the feed to interface with the vector network analyzer. LRL
calibration was used to de-embed this transition and establish
an accurate reference plane located at the edge of the slot.

The active input impedance of the patches was computed
at the 24� scan angle. The eight vias nearest to the slot
were included in the analysis of the stripline-slot coupling.
On the patch side, the reaction computations in (41) used
Floquet modal analysis with 600 Floquet modes. Three slot
modes were included for the numerical results presented
here. However, subsequent numerical tests showed that a
single slot mode provided similar accuracy. Fig. 5(a) and
(b) shows the comparison between computed and measured
results for two different patch/slot dimensions in a waveguide
simulator. The reference plane for impedance measurements
(and computations) was considered to be the source edge of the
slots (instead of the slot center). In both cases the agreement
between the computed and measured data found to be good.

To find the effect of vias on input impedance, we computed
the impedance of a patch for three different feed configu-
rations: 1) the feed in array environment and no vias; 2)
fed in isolation with no vias; and 3) fed with eight vias
around the slot. Fig. 6 shows the impedances for the three-feed
configurations. The impedance levels and resonant frequencies
differ considerably from each other. The profound effect of
vias on input impedance is apparent in the comparison.

Motivated by these results, we used the numerical model
to study the effect of vias on the impedance characteristics of
a patch array. We computed the active input impedance with
four vias (dia.= 0:096 cm) placed symmetrically with respect
to the slot axes. Three different curves in Fig. 7 resulted from
three different locations of the vias. The resonant frequency
(defined as the frequency corresponding to the peak input
resistance) and resistance depend strongly on the distance
from the vias to the slot. As the vias approach the center of
the slot, the resonant frequency increases considerably. This
phenomenon can be explained physically. Resonance occurs
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(a)

(b)

Fig. 5. Computed and measured active impedance of a patch in a waveguide
simulator shown in Fig. 4. Element spacing= 0.876 cm� 0.876 cm,
h1 = 0:038 cm, h2 = 0:0635 cm, "1 = 9:8, "2 = 3:27, "3 = 2:53,
50-
 strip line. With respect to the slot center, the via coordinates for eight
vias are (�0.1,�0.3) and (�0.1,�0.13), respectively. Via diameter= 0.096
cm, stub length= 0.0648 cm (with end effect of 0.0038 cm). Impedance
computed/measured with respect to the source end of the slots. (a) Patch size
0.35 cm� 0.68 cm, patch substrate thickness= 0.084 cm, slot size 0.29
cm � 0.025 cm. (b) Patch size 0.37 cm� 0.68 cm, slot size 0.271 cm�
0.025 cm, patch substrate thickness= 0.088 cm.f = 18–23 GHz clockwise.
—�— computed, —� — measured.

when the inductive reactance of the slot in the patch side is
nulled by the capacitive reactance of the slot in the feed side.
The vias in the feed side reduce the capacitive reactance of the
slot because vias are inductive in nature. Near resonance, the
patch-side reactance has a negative slope (frequency response
of a typical lossy cavity). To counterbalance a smaller value of
the capacitive reactance, a positive frequency shift must occur.

Fig. 6. Active impedance versus frequency of a patch array with different
feed situations. Curve a: input resistance with no via, feed in array environ-
ment. Curve b: no via, feed in isolation. Curve c: eight vias around the slot.
Curve d: measurement with eight vias. The curves denoted by primes are the
corresponding input reactance counterparts. All dimensions are same as in
Fig. 5(a). Scan angle= 24�.

Fig. 7. Computed active input impedance of a patch antenna (in array
environment) with and without vias. —4— no via and feed in array, —�—
no via and isolated feed, —� — with four vias, coordinate of the vias are
(�0.1,�0.2), —� — four vias, coordinate of vias are (�0.1,�0.13). Via
diameter= 0.096 cm. Patch size= 0.37 cm� 0.68 cm, slot size= 0.32 cm
� 0.02 cm, array element spacing= 0.876 cm� 0.876 cm. Scan angle=
0�, remaining parameters are same as in Fig. 5.f = 17–22 GHz clockwise.

The effectiveness of the vias can be quantified in terms of
radiation efficiency defined as: efficiency= (power coupled to
patch side)/(total input power). From the equivalent circuit in
Fig. 2 and (42), the efficiency can be obtained directly from
the equivalent conductances on the two sides of the slot as

Efficiency=
[T ]T [Gslot0][T ]

[T ]Tf[Gslot] + [Gslot0]g[T ]

where [Gslot] and [Gslot0] are the real parts of[Y slot] and
[Y slot0] matrices in (42). Note that[Gslot] is the summation
of two matrices, as given in (12). Without vias,[Y sv] should
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Fig. 8. Radiation efficiency versus frequency of a patch antenna with and
without vias. Via coordinates are same as in Fig. 7. Curve a: no via, isolated
feed, curve b: four vias at (�0.1,�0.2), curve c: four vias at (�0.1,�0.13).
Remaining parameters are same as in Fig. 7.

Fig. 9. Input resistance versus frequency of an isolated patch with and
without vias. —�— with no vias, —4— with four vias. Via coordinates
are (�0.1,�0.2). Other dimensions are same as in Fig. 7.f = 15–23 GHz
clockwise.

be set to a null matrix. The radiation efficiency was computed
and plotted in Fig. 8. Without vias, the radiation efficiency
near resonance (f = 18 GHz) is about 50%. When the
vias are 0.4 cm apart, the efficiency increases to about 75%.
However, when the vias are 0.25 cm apart, the radiation
efficiency increases to almost 100%. In other words, the
vias corresponding to curve “c” eliminate parallel-plate mode
propagation.

We obtained similar effects of vias on the impedance of
an isolated patch. For an isolated patch, the reactions in (41)
were computed from Sommerfeld-type integrals. Fig. 9 shows

the input impedance of an isolated patch with and without vias
around the slot feed. Four vias were placed symmetrically with
respect to the slot axes. The vias alter the input impedance
of the antenna and shift the resonant frequency higher. The
resistances at resonance with and without vias are 154 and
118 
, respectively. The corresponding resonant frequencies
are 18.1 and 17.9 GHz, respectively.

VI. CONCLUSIONS

We presented a technique to analyze slot-coupled patch
antennas fed by stripline with vias around the coupling slot.
The accuracy of this model was verified by design, fabrication,
and measurement of two antennas for a 20-GHz application.
We found that vias have a profound impact on the input
impedance. The mode-suppressing vias improve the radiation
properties of a patch antenna in the following three ways:
1) gain improves because the available power for radiation
increases; 2) for array applications, parasitic mutual coupling
caused by the parallel-plate mode is eliminated; and 3) edge
diffraction due to the parallel-plate mode is eliminated.

The model presented here is useful for active array ap-
plications where a stripline feed is required to isolate the
feed circuitry from the active devices. At higher frequencies,
smaller via-spacing must be used around the slot to insure
that parallel-plate mode resonances do not occur. The effect
of the vias on the input impedance of the antenna becomes
substantial and must be included in the design tool. Our model
predicts the resulting impedance values accurately enough for
first-pass design success.
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