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Abstract

In this paper, a new model is presented which characterizs the coupling of the radiating edges
between two rectangular microstrip patch antennas. This model, namely Radiating Edges-Coupling
(REC) model, is derived from the equivalent circuit of the slitted parallel-plate waveguide filled
with homogeneous dielectric. Applying the REC model to two coupled rectangular microstrip
patch antennas, we obtain numerical S-parameter values of |S,, | and IS,, | for the various coupling

separations, 5,=0.5,
experimental results.

1. Introduction

Experimental papers for increasing the band-
width of the rectangular microstrip patch antennas
by use of the coupling in the radiating edges of
a rectangular patch have been reported[1]-[5].
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1.0, 1.5, and 2.0mm. Theoretical results are in fairly good agreement with

Maedaf6] modeled the gap in microstrip lines
as an equivalent circuit with a series gap capac-
itance and two shunt gap capacitances. These
capacitances are formulated with three-dimension-
al Green’s function, based on a variational
principle. Applying the equivalent circuit to the
gap between two microstrip patches, Krowne
[71,[8] proposed initially a model (E-plane
coupling model) which accounts for the coupling
of the radiating edges between two rectangular
microstrip patch antennas. Also, a method for
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increasing the bandwidth of microstrip patch
antenna by use of two parasitic elements which
are coupled to the radiating edges of a rectangular
patch antenna has been experimentally investig-
ated by Kumar and Gupta{4],[5]. Lee et al.[9]
obtained experimentally the increase in gain
without degradation in radiation patterns by using
the microstrip antennas which consist of one
centre-fed and several identical parasitic patches.
Recently, based on the experimental study,
Ozmehmet[10] proposed an equivalent model
for the gap in microstrip lines as a multi-element
circuit which has frequency dependent capacit-
ances and a radiation conductance. However a
theoretical model for the coupled gap has not
been available so far.

In this paper, a new model, namely Radiating
Edges-Coupling (REC) model, is presented which
characterizes the coupling of the radiating edges
between two rectangular microstrip patch
antennas. The REC model is derived from the
equivalent circuit{11]-[14] of the slitted parallel-

plate waveguide filled with homogeneous dielectric.

For the four coupling separations, Se=0.5, 1.0,
1.5, and 2.0 mm, numerical scattering parameter
results of [S,,| and |S,,| are calculated in the
frequency range of 2.5-3.5 GHz by the use of the
REC model and the radiation admittance of a
rectangular microstrip patch antenna given by
Hong et al.[14]}. The two rectangular microstrip
patch antennas are fabricated in Teflon substrate
with relative dielectric constant er=2.6 and
thickness h=0.155 cm. The theoretical and
experimental results are compared with theoretical
results obtained by the E-plane coupling model of
Krowne[7].

II. New Radiating Edges-Coupling (REC) Model

The geometry of the slitted parallel-plate
waveguide filled with homogeneous dielectric is
shown in Fig.1(a). Here h is the waveguide
height and 2a is the slit width.

When a TEM wave is incident upon the slit,
the slitted parallel-plate waveguide shown in
Fig.1(a) is represented by the equivalent
circuit[11]-{14] shown in Fig.1(b). In Fig.1(b),
the normalized series admittance _Y'l , shunt
admittance Y,, and load admittance Yy are
expressed in tersm of the TEM magnetic field
reflection and transmission coefficients[11]-[14].
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Fig.1. (a) Geometry of a parallel-plate waveg-
uide filled with homogenous dielectric.

(b) Equivalent circuit

In Fig.1(b), for the case of Ka<0.2, i.e., the
narrow slit width, the significant results are found
as follows: Here K is the propagation constant of
the free space.

1) The normalized seriesadmittance Y, =G, 4B, :
The normalized conductance G, ‘is

nearly constant and the same as the normalized
load conductance CL for the case of Ka>0.1.
Furthermore, this normalized load conductance
is identical to the normalized radiation con-
ductance of a rectangular microstrip patch antenna
given by Bahl[15]. The unnormalized series
susceptance is represented by a capacitance
because it is always positive. As the slit width
narrows, the capacitance increases.

2) The normalized shunt admittance Y, =G, 4B, :
The normalized shunt conductance G, is

extremely small so that it can be neglected. Also

the unnormalized shunt susceptance is represented
by a capacitance because it is always positive.

The capacitance decreases as the slit width

narrows.

From the above results, when the slit width 2a
is in the range of Ka<<0.2, the parameters of the
equivalent circuit shown in Fig.1(b) are summariz-
ed as follows:

1) The series admittance consists of a parallel
combination of a conductance which is equiv-
alent to the radiation conductance of a rect-
angular nmcrostrip patch antenn® and a
capacitance determined from the unnormalized
series susceptance.

2) The shunt admittance consists of a capacitance
determined from the unnormalized shunt
susceptance.

series
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The geometry of gap between two coupled
rectangular microstrip patch antennas is shown in
Fig.2(a). Here, S, is the coupling separation
between the radiating edges. h is the substrate
thickness. As discussed in [11], the results of
the two dimensional analysis are valid for micro-
strip radiating patch application. Therefore the
equivalent circuit parameters which characterize
the coupling of the radiating edges between two
rectangular microstrip patch antennas shown in
Fig.2(a) can be derived from the equivalent
circuit parameters of the slitted parallel-plate
waveguide shown in Fig.1(b).
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Fig2. (a) Geometry of gap between two
coupled rectangular microstrip patch
antennas.

(b) Radiating Edges-Coupling (REC)
model.

Based on the above discussion, when the
coupling separation S, is the same as the slit
width for Ka<0.2, the equivalent circuit modet for
the gap between two coupled rectangular micros-
trip patch antennas is shown in Fig.2(b). As
seen in Fig.2(b), the equivalent model, namely
Radiating Edges-Coupling (REC) model, which
characterizes the coupling between the radiating
edges consists of the radiation conductance G of
a rectangular microstrip patch antenna given by
Hong et al.[4] and the series and shunt capac-
itances (CS and Csh) determined from the series
and shunt susceptances of the equivalent circuit
givenin [11], [12].

An equivalent circuit which is experimentally
modeled for the gap discontinuity in microstrip
lines by Ozmehmet{10}, was considerably
similiar to the REC model which is theoretically
presented in this paper.
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II. Expressions for Scattering Parameters
and Numerical Results

The geometry of two rectangular patch
antennas which are coupled to the radiating
edges between the patches is shown in Fig.3.
Here, the rectangular microstrip patch antenna is
fed by a coaxial line and this antenna is fed along
the center of the patch width at the feed point
location X. 8, is the coupling separation. W and
L are the width and length of the antenna, respec-
tively. h is the substrate thickness and er is the
relative dielectric constant.

electric fieid
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r

Fig.3. Geometry of two coupled rectangular

microstrip patch antennas.
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Equivalent circuit of the two coupled
rectangular microstrip patch antennas.

Fig.4.

The two coupled rectangular microstrip patch
antennas shown in Fig.3 is represented by an
equivalent transmission line model as shown in
Fig.4. In Fig.4, the radiation admittance Y=
G+wC of the rectangular microstrip patch
antenna is composed of a parallel combination of
the radiation conductance G and the capacitance
C given by Hong et al.[14]. Here w is the angular
frequency. The REC model is composed of a
conductance and the capacitances. This con-
ductance is given by the radiation conductance of
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the rectangular microstrip patch antenna and
these capacitances are determined from the
unnormalized series and shunt susceptances. YG
is the characteristic admittance of the microstrip
patch[16]. XL is the inductive reactance of a
coaxial feed and is given by([17]

2rh
tan o

where M is the intrinsic impedance in the free
space, and )\o is the free space wavelength.

The equivalent radiation admittance Y,
expressed as

7o

Ver

XL: (1)

'is

Y+j Yo tanf X

Y =Yoy Y tang X

(2)

where B=% ve.,, is the propagation constant
of the transmission line and Eoff is the effective
dielectric constant[16]

The equivalent circuit shown in Fig.4 represents
a 2-port network. The entire 2-port transmission
matrix representation [T] is found by cascading
nine successional transmission matrices from port
1 to port 2 given by

|

Tll TlZ

= X ¥ L-X Sh‘ S Tsh
TZ,TJ (Tx) (Ty,J {To-x) (Tsn) (Ts) {Ton)

(Toxd [Ty, ) [Ty (3)

where [TXL] represents the transmission matrix
of the inductive reactance element. [TYI] and
[TL-X] represent the equivalent radiation
admittance matrix and transmission line (L-X)
matrix, respectively. [Tsh] and [Ts] represent
the shunt and series elements matrices of the REC
model, respectively.

Each transmission matrix is expressed as
follows:
1 X
[Ty ] = [ 0 IL} (4a)
1 0
Ty. |=
LT [Y, 1} (4b)
1cosp(L—X)1i Yio sing (LL—X)
[Tl = (4c)
iYosinB (L~ X) cosB(L—X)
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Impedance matrix [Z] can be obtained by
transforming the entire transmission matrix
elements given in (3) as follows:

Ty TuTe o

[ Zn Zni‘ - Tz Tn " (5)
2o Zss 1 Lz_
Tau Tu

Scattering matrix [S] which characterizes the
two rectangular microstrip patch antennas which
are coupled to the radiating edges between the
patches can be obtained by transforming the
impedance matrix elements as follows:

] Su SIZ] _
L Sa1 S
(Zl“l) (zzz'Jf'l)‘Zz zzl 2 le
JAN FAN
2 Zzl (_ZV_‘,‘___FW)L”i 1) fZ‘gﬂ
AN AN
(6)
Where
_ Z )
Zy=7% G(,i=12

A= (le+1) (Zzz+1) _212 zn

Because the equivalent circuit shown in Fig.4
is symmetrical, S, =S,, and S,=S,,. Here
sii is signified as the reflection coefficient at the
ith port with the jth port matched to a 50-§2
load. The Si is signified as the transmission
coefficient which flows from jth port to ith port
when the jth port is matched to a 50-§2 load.

The antenna specifications are listed in Table
1, Here, X means a 50-£2 feed point location
whose the input impedance of the rectangular
microstrip patch antenna is equal to 50 £. X is
0.894cm[14].

For the antenna given in Table 1, we calculate
the series and shunt capacitances of the REC
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Specifications of two coupled rectangular

microstrip patch antennas.

Fl’atch Patch | Substrate Dielectric Feed
Length| Width | Thickness Constant Point
I.{em Wiem | h [em € X (em |

3.02 3.7 0. 155 2.6 0.894
F-_
Eo.a
< - .
go.c
o e ——
—— 3 Sq = 0.5em
g — % 1.0mm
—rlr 3 1.5
0.2 e 2.0m
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Fig.5. Calculated series capacitances Cg of the
REC model as a function of frequency
for the various coupling separations.
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Fig.6. Calculated shunt capacitances Csh of the
REC model as a function of frequency

for the various coupling separations.

model for the cases of coupling separation S, =
0.5mm, 1.0mm, 1.5mm, and 2.0mm.

Fig.5 and 6 show the calculated series and
shunt capacitances (Cg and Csh),Of the REC
model, respectively, as a function of frequency
for the four coupling separations. As mentioned

Fig.7.
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in Section II, it is also observed that the series
capacitance Cg increases and the shunt capacitance
Cq, decreases with decreasing the coupling
separation S e
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Calculated shunt conductances G, of the
equivalent circuit for the geometry in
Fig.2(a) for the various coupling separ-
ations.

When the slit width 2a is equal to the coupling
separation Se, the unnormalized shunt con-
ductances G, of the equivalent circuit for the
geometry in Fig.2(a) are calculated and plotted as
a function of frequency in Fig.7 for the cases of
Se=0.5mm, 1.0mm, 1.5mm, and 2.0mm. It is
evident from Fig.7 that for the various coupling
separations, the shunt conductances of the
equivalent circuit become extremely small. There-
fore, as mentioned in Section II, the shunt con-
ductance is neglected so that the shunt element of
the REC model is only composed of the shunt
capacitance Csh.

Applying the REC model and the radiation
admittance in the two coupled rectangular
microstrip patch antennas, we obtain numerical
scattering parameter results of |S,, | and |S,, |
for the various coupling separatios. Fig.8 and 9
show the values of |S,, | and |S,, | as a function
of frequency for the four coupling separations,
Se=0.5, 1.0, 1.5, and 2.0 mm. It is observed in
Fig.8 that as the coupling separation increases,
the swelling diminishes slighter, the Dip becomes
sharper, and the Dip frequency shifts lower.
From the trend of the curves, when the coupling
separation is sufficiently increased, the coupling
is nearly neglected so that the two coupled
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Fig.8. Numerical results of |S,| as a function
of frequency for the various coupling

separations, 5,=0.5, 1.0, 1.5, and 2.0mm.
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Fig.9. Numerical results of |S,,| as a function

of frequency for the various coupling
separations, §,=0.5 1,0, 1,5, and 2.0mm.

rectangular microstrip patch antennas are operated
independently as an isolated rectangular microstrip
patch antenna, respectively. In this case, i.e., for
the completely uncoupled case, the Dip frequency
approaches the resonant frequency 2.910GHz
which is calculated by the single rectangular
microstrip patch antenna given by Hong et al.
[14].

The calculated values of | S,, | for the various
coupling separations are illustrated in Fig.9. It is
observed that the calculated values of S, |
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decrease with increasing the coupling separation.
This effect is easily deduced by directly
inspecting Fig.8.

In order to provide a comparision of the
REC model presented in this paper with previous
E-plane coupling model, the equivalent circuit
for the two coupled rectangular microstrip patch
antennas described by Krowne[7] is shown in
Fig.10.

cx"’jL{;‘}gq

port 2

[ —
previous E-plane
coupling model

12

port 1

Fig.10. Equivalent circuit of previous E-plane
coupling model proposed by krowne{7].

As seen in Fig.10, the previous E-plane coupling
model is entirely different from the REC model.
The previous E-plane coupling model is composed
of an equivalent circuit proposed by Maedal6]
and two identical conductances. The series and
shunt gap capacitances (Ca and Cb) of the
equivalent circuit, are calculated by using a quasi-
static variational approach. The two identical con-
ductances are given by a radiation conductance of
the rectangular microstrip patch antenna. The
radiation admittance Yo=Gg+jwCyis composed of
a radiation conductance Gg and a capacitance
Cy. Here, Krowne used the aperture conductance
for a flanged parallel-plate waveguide into a half
space analyzed by Harrington[18] as the radiation
conductance, and a capacitance expressed by
function of the line extension[19] as the radiation
capacitance.

As shown in Fig.10, for the equivalent circuit
described by Krowne[7], the total transmission
matrix [T’} is expressed as

|

Th
Ta

H ~[Tu ) [Ty, [Te J(To] [Tal [T]

[Tox] [Ty, ] [Ty,] (7)
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where
1 0
T —_
[T,] { . 1]
[Tb]=( 1 0 ]
G+ wCo 1
1 1
[TaJ = jwCa
0 1
v Y +j YstanB8X
Ya=Yo Yo+j Y, tangX
Y, =G, +jwC,
W[ (kh)’]
Gl_‘ /\07]0 [ 1 24
_Y_o. . eeff+0.3 3 W/h+0 262
C‘_v,, 0.412-h €ers—0.258  W/h+0.813

and vp is the phase velocity of the microstrip
patch.

For the previous E-plane coupling model,
theoretical values of |S,;] and |S,,| are obtained
by transforming the transmission and impedance
matrix elements as given in (5) and (6), respec-
tively.

Table 2. Comparision of' the series and shunt
capacitances of the REC model with
the series and shunt gap capacitances
of the previous E-plane model.

. Series Shunt
Coupling . .

Separation Capacitance {pF ) Capacit ance [pF)
Se {mm) REC Previous REC Previous
model Cs | model Ca | modelCyyn | model C,

0.5 0.9182 1. 2885 0. 1248 0. 1263

1.0 0.6688 1.0186 0. 2262 0.2315

15 0.5315 0. 8302 0. 3070 0.3412

2.0 0.4416 0.7122 0. 3709 0.4274

A comparision of the series and shunt capacit-
ances (CS and Csh) of the REC model with the
series and shunt gap capacitances (Ca and Cb)
of the previous E-plane coupling model is given
in Table 2. The series and shunt capacitances
(Cs, CSh) given in Table 2 are the maximum values
in the frequency range of 2.5-3.5 GHz because
these values slightly vary with frequency, as shown

FHE F 2R

in Fig.5 and 6. It is seen from Table 2 that for
each coupling separation, the values of Cs are
smaller than those of C,, and the values of Cy,
are nearly the same as those of Cb'

IV. Experimental Results and Discussion

For the cases of Se=0.5, 1.0, 1.5 and 2.0 mm,
experimental values of |S,,| and |S,| are com-
pared with theoretical results. The two
coupled . rectangular  microstrip  patch antennas
are fabricated in Teflon substrate with relative
dielectric constant er=2.6 and thickness
h=0.155cm. Measurements are carried out in the
frequency range of 2.5-3.5 GHz with HP-8746B
S-parameter Test Set.
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Fig.11. Measured and calculated S-parameter
values as a function of frequency for § =
0.5mm.
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The calculated and measured values of | S, |
and |S,, | for the cases of S,;=0.5, 1.0, 1.5 and
2.0 mm, are shown as a function of frequency
in Figs.11-14. In Fig.11(a) and (b), for Se=
0.5mm, the measured and calculated values of
IS, | and |S,,| obtained by the REC model are
illustrated and compared with theoretical results
obtained by the previous E-plane coupling
model[7]. It is worth while to point out in
Fig.11(a) and (b) that the measured values are
more in agreement with our calculasted results
than the calculated results obtained by the equiv-
alent circuit of Krowne[7]. As shown in Fig.11(a)
and (b), the small shift in the Dip frequency may

———— : CALCULATED
18 . La AN
25 LY as
FREQUENCY ( GHz)

(a) Isu |

[si2]1 48]

-40} e e e : MEASURED ]
: CALCULATED
—50 AL 1 A 1 L "l 1 i ke
25 30 35
FREQUENCY ( GHz)
(®) s, |

Fig.12. Measured and calculated S-parameter
values as a function of frequency for
S.=1.0mm.

be due to the fact that the frequency discrepancy
between the calculated and measured resonant
frequency was occured in the rectangular micro-
strip patch antenna.

The calculated and measured values of |S,, |
and |S,,| for the three coupling separations,
Se=1.0, 1.5, and 2.0 mm are illustrated in Figs.12-
14. It is also observed from Figs.12-14 that the
measured values are in agreement with the calcul-
ated results obtained from the REC model.

As discussed in Section II, it is also observed
from the meansured results in Figs.11-14 that
the swelling diminishes progressively and the
Dip frequency shifts lower with increasing the

o L3
—~ -5 } ‘ N g
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Fig.13. Measured and calculated S-parameter
values as a function of frequency for S =
1.5mm.
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Fig.14. Measured and calculated S-parameter
values as a function of frequency for
S.=2.0mm.

coupling separation. From Figs.11-14, we can
conclude that when coupling separation is suffic-
iently increased, |S,, | is interpreted physically
as the return loss of the single rectangular micro-
strip patch antenna. In this case, the Dip frequen-
cy approaches the resonant frequency fo=2.910
GHz given by Hong et al.[ 14} .

V. Conclusion

A new model is presented which characterizes
the coupling of the radiating edges between two
rectangular microstrip patch antennas.  This
model, namely Radiating Edges-Coupling (REC)
model, is derived from the equivalent circuit of the

2H BETFLHEHRNGEE
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slitted parallel-plate waveguide filled with homog-
eneous dielectric.

Applying the REC model presented here and
the radiation admittance given by Hong et al.[14]
to two coupled rectangular microstrip patch
antennas, we obtained numerical S-parameter
values of IS“ | and |S,,l for the various coupl-
ing separations, Se=0.5, 1.0, 1.5, and 2.0 mm.
Experiments are performed in the frequency
range of 2.5-3.5 GHz. The antennas are fabricated
in Teflon substrate with relative dielectric constant
€,=2.6 and thickness h=0.155cm. We observed
that theoretical values are in fairly good agreement
with experimental results. Further, it is concluded
that the REC model is more accurate than the
previous E-plane model by Krowne[7]}. From
the measured and calculated results, we can
deduce that when the coupling separation is
sufficiently increased, [S,,| of the two coupled
rectangular microstrip patch antennas is inter-
preted physically as the return loss of the single
rectangular microstrip patch antenna.

The REC mode! presented in this paper is
very valuable for the design of rectangular micro-
strip patch array antenna[20] and for the band-
width broadening techniques.
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