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Abstract In this paper, we have explored a simple theoretical input impedance
computation technique for the two gap-coupled circular microstrip patch antennas by
using circuit theory approach. The frequency characteristics of the input impedance of the
two gap-coupled circular microstrip patch antennas with the gap-distance between the feed
patch and parasitic patch is analyzed and simulated. The effect of feed location in the feed
patch on the input impedance of proposed antenna is also studied. The theoretical results
are compared with the simulated results as well as other reported literature. The simulation
has been performed by using a method-of-moment based commercially available simulator
IE3D.
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1 Introduction

Microstrip patch antennas are used in the wide range of applications such as aircraft,
satellite, missiles, land vehicles and in small portable wireless communication equipments
due to their compactness, light weight, low-profile, and relative ease of fabrication method
[1]. To a large extent, the development of microstrip antennas has been driven by systems
requirements. The disadvantages of the microstrip patch antenna configurations include
narrow impedance bandwidth, spurious feed radiation, poor polarization purity, limited
power capacity and tolerance problems which limits their more widespread applications.
The impedance bandwidth and input impedance are the potential properties of the
microstrip patch antenna that is strongly affected by the substrate thickness. The impedance
bandwidth of the microstrip antenna can be increased using various techniques such as by
loading a patch, by using a thicker substrate and by reducing the dielectric constant.
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However, limitations still exist on the ability to effectively feed the patch on thicker
substrate and radiation efficiency which degrades with increasing the substrate thickness
causes generation of spurious radiation [1].

Recently, more progress has been made to increase the impedance bandwidth of the
microstrip patch antennas [1–3]. Pozar [1] listed the impedance bandwidths for the
microstrip patch antennas with several shapes such as rectangular, square, and circular with
different feeding techniques. The potential techniques to enhance the impedance bandwidth
of microstrip patch antennas are parasitic elements [4–11], aperture coupled [12, 13], and
impedance matching network [14]. A broad-band matching design procedure with external
matching has been presented in [15] to improve the bandwidth characteristics of several
microstrip patch antennas. Among various antenna bandwidth enhancement configuration
techniques, the two gap-coupled circular microstrip patch antenna is most significant. In the
configuration of gap-coupled microstrip antennas, two patches are placed close to each
other. The gap-coupled microstrip antennas generate two resonant frequencies and the
bandwidth of the microstrip antennas can be increased by the proper adjustment of feeding
and dimensions. There are two potential advantages of the gap-coupled circular microstrip
antennas over conventional circular microstrip antennas: 1) bandwidth can be enhanced,
and 2) it can be used for dual frequency applications. Ray et al [16] have designed dual and
triple frequency band operation gap-coupled microstrip patch antenna. Ansari et al [17]
have also presented the analysis of the gap-coupled stacked annular ring microstrip antenna.

In this paper, the concept of coupled microstrip lines [18] is extended for the two gap-
coupled circular microstrip patch antennas to analyze the input impedance by using circuit
theory approach and the results are compared with the simulated results. The effects of
mutual coupling between the radiating aperatures have been taken into account. The exact
computation of the input impedance of the proposed antenna is used to match the
impedance for enhance the impedance bandwidth [14]. In the analysis, total capacitance of
microstrip patch antenna is taken as parallel plate capacitance and two fringing capacitances
for both even and odd modes. Since there is another patch that is parasitic element in the
proposed two gap-coupled circular microstrip patch antennas, so there is another fringing
capacitance at the adjacent edge of the patches. This effort has involved for the design of
novel microstrip antenna configurations, and development of accurate and versatile models
for understanding of the inherent limitations of microstrip antennas as well as for their
design and optimization. The organization of the paper is as follows. The Section 2 is
concerned with the geometrical configuration of the two gap-coupled circular microstrip
patch antennas. The Section 3 discusses about the theoretical formulation of the proposed
antenna. The simulation and analytical results have been discussed in Section 4, and finally
Section 5 concludes the work.

2 Antenna configuration

The geometrical configuration of two gap-coupled circular microstrip antennas is shown in
Fig. 1. The patch of radius r1=15 mm is the feed patch and other patch of radius r2=15 mm
is the parasitic patch. The parasitic patch is excited by the gap-coupling whereas the feed
patch is excited by the coaxially probe feeding technique. The location of coaxial probe is
at distance l=4 mm, from the center of the patch as shown in Fig. 1. The microstrip patch
antenna, generally, used either microstrip line or coaxially probe feed technique. These two
feeding techniques are very similar in operation, and offer essentially one degree of
freedom in the design of antenna element through the positioning of the feed point to adjust
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the input impedance level. The coaxially fed microstrip antennas have two key exciting
sources, namely, the probe electric current and the coaxial electric field. In the calculation
of the input impedance of probe-driven microstrip antennas on thin substrates, the effects of
the probe results in an additional inductive component to the input impedance. The probe
inductance has been accounted by several authors through use of a simple formula [19–22].
The parasitic patch introduces another resonance near the main resonance and proper
adjustment of the structure parameters, bandwidth can be enhanced. The height and relative
permittivity of the substrate is h=1.59 mm and εr=2.2, respectively. The gap distance
between the adjacent edges of the feed patch and parasitic patch is s.

3 Formulation

The coupled microstrip structures can be characterized for the two modes which are known
as odd and even modes [18, 23]. The properties of coupled microstrip patches have been
determined by the self and mutual inductance and capacitance between the patches. Under
the quasi-transverse electromagnetic mode approximation the self-inductance can be
expressed in term of self-capacitance by using simple relations. For most of the practical
circuits using symmetric microstrip patches the mutual-inductance and mutual-capacitance
are interrelated to each other so it is not necessary to determine each separately. Therefore,
only capacitance parameters are evaluated for the two gap-coupled circular microstrip patch
antennas. The capacitances can be expressed in terms of even and odd modes values for
propagation [18].

The total capacitance of the coupled structure can be determined by using Figs. 2 and 3
for even mode and odd modes, respectively. From Fig. 2 the total capacitance for even
mode, CE is given by [18]:

CE ¼ CP þ CF þ CF 0 ð1Þ
where CP is the parallel plate capacitance between metallic patch and the ground plane and
is given by:

CP ¼ "0"rA

h
ð2Þ

r2 r1 s 

h, rε  

Ground 

Patch Patch 

l  

Feed location 

Fig. 1 Geometrical configurations
of the two gap-coupled circular
microstrip patch antennas.
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where A is the surface area of the patch and εr is the relative dielectric permittivity of the
substrate and ε0 is the permittivity of free-space. CF is the fringing capacitance due to edge
conductor and given by:

CF ¼ 1

2

ffiffiffiffiffiffiffi
"eff

p
cZC

� CP

� �
ð3Þ

where c ¼ 3� 108 m=s that is velocity of light in vacuum, ZC is the characteristic
impedance and εeff is the effective dielectric permittivity of the substrate. CF′ is the fringing
capacitance due to parasitic patch and given by:

CF 0 ¼ CF

1þ A h
s

� �
tanh 10s

h

� �
ffiffiffiffiffiffiffi
"r
"eff

r
ð4Þ

where A ¼ exp �0:1 exp 2:33� 2:53C
2h

� �� �
and C is the circumference of the patch. With the

help of equations (1) to (4), the even mode-capacitance of the two gap-coupled circular
microstrip patch antennas is calculated.

From Fig. 3, the total capacitance for odd- mode, CO is given by [18]:

CO ¼ CP þ CF þ Cgd þ Cga ð5Þ
where Cgd is the capacitance between two structures through dielectric region and given

by:

Cgd ¼ "

p
ln coth

ps
4h

� �� �
þ 0:65CF

0:02
ffiffiffiffi
"r

p
s=h

þ 1� 1

"2r

� 	
ð6Þ

and Cga is the capacitance between the structures through air and given by:

Cga ¼ K k 0ð Þ"0
2KðkÞ ð7Þ

Fig. 2 Even-mode capacitances
of the two gap-coupled circular
microstrips patch antennas.

Fig. 3 Odd-mode capacitances
of the two gap-coupled circular
microstrip patch antennas.
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where K(k), K(k′) are elliptic functions, k and k′ are:

k ¼ s=h

s=hþ 2 C=hð Þ and k 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p

The approach of coupled microstrip line presented in [18] is applied to the two gap-
coupled circular microstrip patch antennas. With the help of equation (1)–(7), the
capacitances of the two gap-coupled circular microstrip patch antennas for odd and even
modes are calculated and compared with the coupled microstrip lines as in [18]. For this
comparison the cross-sectional area of the coupled circular microstrip patches and coupled
microstrip lines are considered same. In the present results of Table 1, the height of the
substrate is taken unity. The even and odd mode capacitances of the coupled circular
microstrip patches and coupled microstrip lines are shown in Table 1.

The equivalent circuit model of the two gap-coupled circular microstrip patch antennas for
even mode is shown in Fig. 4. From Fig. 4, the input impedance for even mode is calculated.
Z1 and Z2 are the impedances of feed path and parasitic patch, respectively and given as [24].

Z1 ¼ Z2 ¼ R

1þ QT
2 f

fr
� fr

f

� �2 þ jRQT

fr
f � f

fr

� �

1þ QT
2 f

fr
� fr

f

� �2 ð8Þ

Table 1 Comparison of coupled microstrip lines by Garg [18] and our approach to coupled microstrip
antennas. (εr=9.7).

Coupled microstrip lines [18] (L=1) Proposed approach for gap coupled circular microstrip antennas

w/h s/h CE(pF) CO(pF) r1/h s/h CE(pF) CO(pF)

0.2 0.05 60.3 215 0.253 0.05 57.99 222.3

0.2 0.20 66.1 149 0.253 0.20 62.3 155.2

0.2 0.50 75.7 117 0.253 0.50 70.41 122.5

0.2 1.00 83.5 98.5 0.253 1.00 78.28 102.8

0.2 2.00 89.9 87.2 0.253 2.00 85.8 90.58

0.5 0.05 90.1 258 0.399 0.05 87.9 260.7

0.5 0.20 95.4 188 0.399 0.20 92.3 190.9

0.5 0.50 105 155 0.399 0.50 100.8 157.5

0.5 1.00 114 136 0.399 1.00 109.3 137.4

0.5 2.00 122 124 0.399 2.00 117.6 124.7

1.0 0.05 136 313 0.564 0.05 133 311

1.0 0.20 141 241 0.564 0.20 137.4 239.7

1.0 0.50 150 207 0.564 0.50 146 206

1.0 1.00 159 187 0.564 1.00 154.7 185.5

1.0 2.00 168 174 0.564 2.00 163.4 172.6

2.0 0.05 223 408 0.798 0.05 220.3 402.1

2.0 0.20 228 334 0.798 0.20 224.6 330.1

2.0 0.50 237 300 0.798 0.50 233.2 295.9

2.0 1.00 246 279 0.798 1.00 241.9 275.3

2.0 2.00 255 266 0.798 2.00 250.5 262.2
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where R is the resonant resistance of the resonant parallel RLC circuit.fr is the resonant
frequency and QT is quality factor associated with system loss including radiation from the
walls (QR), losses in dielectric (QD), and losses in conductor (QC).QT can be calculated by
[24, 25]:

QT ¼ 1
1
QR

þ 1
QC

þ 1
QD

ð9Þ

QR ¼ 4pða2 � 1Þ"r3=2
ha3F a=

ffiffiffiffi
"r

p� � ð10Þ
where

FðxÞ ¼ 4

x3
2xJ0 2xð Þ þ x2 � 1

� � Z2x

0

J0ðtÞdt
8<
:

9=
; ð11Þ

FðxÞ ¼ 2:666667378� 1:066662519x2 þ 0:209534311x4 � 0:019411347x6

þ0:001044121x8 � 0:000049747x10

ð12Þ

QD ¼ 1

tan d
ð13Þ

where tan d is dielectric loss tangent and α is the nth zero of first derivative of Bessel
function of first order.

QC ¼ h

ds
ð14Þ

where δS is the skin depth and given by:

dS ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
pf m0s

p ð15Þ

R ¼ 1

GT

J12 k:lð Þ
J12 kr1ð Þ ð16Þ

Fig. 4 An equivalent circuit
model of the two gap-coupled
circular microstrip antennas for
the even mode.

J Infrared Milli Terahz Waves (2009) 30:1148–1160 1153



where GT includes the conductance due to ohmic, dielectric and radiation losses, and l is the
distance of feed point from the center.

GT ¼ GR þ GD þ GC ð17Þ
where

GR ¼ 2:39

4m0frhQR
ð18Þ

GD ¼ 2:39 tan d
4m0frh

ð19Þ

GC ¼ 2:39p pfrm0ð Þ�3=2

4h2
ffiffiffi
s

p ð20Þ

J1ðtÞ ¼ t 0:5ð � 0:56249985
t

3

� �2

þ 0:21093573
t

3

� �4

� 0:03954289
t

3

� �6

þ 0:00443319
t

3

� �8

� 0:0031761
t

3

� �10

ð21Þ

XL is the inductance due to probe feeding and given by [24]:

XL ¼ j
3:77fh

c
log

c

pfd0

� 	
ð22Þ

where d0 is the diameter of the coaxial feed probe. The conductance, inductance and the
capacitance in the Figs. 4 and 5 are given by [26]:

Y1 ¼ Y2 ¼ 1

R
ð23Þ

L1 ¼ L2 ¼ R

2pfrQT
ð24Þ

C1 ¼ C2 ¼ QT

2pfrR
ð25Þ

An equivalent circuit model of the two gap-coupled circular microstrip antennas for the
odd mode is given in Fig. 5. From Fig. 5, the input impedance for the odd mode is
calculated.

The total input impedance of the gap-coupled structures is given by [23]:

Zin ¼ ZE
in þ ZO

in ð26Þ
where ZE

in and ZO
in are the input impedance for the even and odd mode, respectively. Using

aforementioned equations, we can calculate the input impedance of the two gap-coupled
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circular microstrip patch antennas. The gap capacitance between two structures through
dielectric (Cgd) is directly proportional to the fringe capacitance that is increases with
increasing the fringe capacitance and decreases with decreasing the fringe capacitance as
from Equation (6). While the gap capacitance between two structures through air (Cga) is
independent from the fringing capacitance as from Equation (7). Both the gap capacitances
that is gap capacitance between two structures through dielectric (Cgd) and through air (Cga)
depends upon the gap between adjacent edges of the feed patch and parasitic patch. The
variation of these capacitances with gap distance is shown in Table 2. From Table 2, it is
clear that both gap capacitances decrease with increasing the gap.

4 Results and discussion

The input impedance is defined as the ratio of voltage across the patch and ground plane to
the feed point current. The numerical results for the input impedances calculated without the
inclusion of the coaxial aperture field, only the probe electric current is considered because the
coaxial aperture field is negligible at lower frequencies whereas at higher frequencies the effect
is large. The probe current is assumed to have only an axially directed unit electric line current
with no angular variations. This assumption is reasonable since the substrate thickness is small
compared to the wavelength [27]. The input impedance of the two gap-coupled circular
microstrip patch antenna is calculated by using (26) and the computed results are compared
with simulated results. The simulation of the proposed antenna is performed by a
commercially available method-of-moment based simulator IE3D. In the numerical
computation and simulation of the proposed antenna the location of coaxial probe feed is at
l=4 mm away from the center of the feed patch as shown in Fig. 1.

The frequency characteristics of the input impedance (real and imaginary part) of two
gap-coupled circular microstrip patch antennas are shown in Fig. 6. With the increase of

Table 2 Variation of gap capacitances with gap distance between adjacent edges of feed patch and parasitic
patch (r1=r2=15 mm, εr=2.2, h=1.59 mm).

Gap distance s (mm) Cga(pF) Cgd(pF)

0.1 46.4 28.64

0.5 37.37 15.8

1 33.5 11.48

2 29.65 8.178

4 25.86 6.593

Fig. 5 An equivalent circuit
model of the two gap-coupled
circular microstrip patch antennas
for the odd mode.

J Infrared Milli Terahz Waves (2009) 30:1148–1160 1155



frequency, the real part of input impedance increases and attain an optimum value at a
particular frequency (3.77 GHz) and then start to decrease, whereas the imaginary part of
the input impedance almost always decreases as shown in Fig. 6. The comparison of
simulated and computed results shows good agreement in a range of frequencies. Initially,
in a short range of frequency the simulated and computed results are differing. In an earlier
reported literature [6], it has been shown that the gap-coupling lead to close resonance of
the TM11 and TM21 mode. Here, we have computed the frequency characteristics of the
input impedance only for TM21 mode, however, the deviation seen in Fig. 6 for initial
frequencies is due to presence of the TM11 mode in simulation results.

The variation of the real and imaginary part of the input impedance of the proposed
antenna with gap distance between adjacent edges of the patch is shown in Fig. 7. The
computed and simulated results in the particular range of the gap distance between the feed
patch and parasitic patch of the proposed antenna are well matched.

Further, the variation of real and imaginary part of the input impedance with feed
location from center of the patch is shown in Fig. 8. From Fig. 8, it is clear that the both real
and imaginary part of the input impedance of the proposed antenna increases when the
feeding probe moves from center towards the edge of the patch. In terms of the
transmission line model, the antenna is viewed as a length open circuited transmission line
with light loading at the end to account for fringing fields and radiations. The voltage and
current on this equivalent transmission line give the input impedance variation of the
microstrip antenna. For a feed point at a radiating edge, the voltage is maximum and current
is minimum so the input impedance is maximum. For a feed point at the center of patch, the
voltage is zero and current is maximum, so the input impedance is zero. Thus the input
impedance can be controlled by adjusting the position of feed point. The simulated field
pattern of the proposed antenna at 3.77 GHz for E-plane and H-plane is shown in Fig. 9 (a)
and (b), respectively.

Fig. 6 Frequency characteristics of the input impedance of the two gap-coupled circular microstrip patch
antennas for the gap distance between the feed patch and parasitic patch is 1.5 mm.
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5 Conclusion

A simple and numerically efficient model for the input impedance of two gap-coupled
circular microstrip patch antennas is developed. Input impedance for different gap distances
between adjacent edges of feed patch and parasitic patch is shown as well as the variation
of input impedance with feed location is also discussed. The input impedance depends
heavily on the feed location and increases when feed point moves from center towards edge

Fig. 7 The gap distance characteristics of input impedance of the two gap-coupled circular microstrip patch
antenna with gap between adjacent edges of the feed patch and parasitic patch at frequency 3.78 GHz.

Fig. 8 Feed location characteristics of the input impedance of the two gap-coupled circular microstrip patch
antenna at 3.72 GHz for different gap distance between adjacent edges of the feed patch and parasitic patch.
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of the patch. The comparison between the analytical and simulated results shows good
agreement. An asymmetric gap-coupled microstrip antenna configuration has an inherent
capability for impedance transformation which can be used for tapered antenna arrays that
will be reported in future communications.

Fig. 9 Simulated radiation
pattern at 3.77 GHz, (a) E-plane,
(b) H-plane.
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