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Abstract

- Binod Kumar Kanaujia3

In this paper, a low profile microstrip patch antenna with defected ground structure is proposed for wide impedance and
axial ratio bandwidth. The antenna structure consists of two feed lines with a circular defect loaded in the ground surface.
The proposed antenna shows an impedance bandwidth of 71.92% ranging from 8.95 to 19 GHz covering X, Ku and K band
applications. The mutual coupling between the two feed lines is suppressed by means of a single and double arc-shaped
defect embedded in the ground plane. The mutual coupling is suppressed to a level of —37.5dB with improved radiation
performance. The measured 3-dB axial ratio bandwidth of the proposed antenna ranges from 8.85 to 11 GHz. An equivalent
circuit model of the designed antenna is also proposed for theoretical analysis and theoretical results are verified with simulated

and measured results.

Keywords Circular polarization (CP) - Defected ground structure (DGS) - Mutual coupling - Wideband

1 Introduction

Due to the rapid expansion of wireless communication, there
is anincreasing demand for antennas that provide high gain as
well as polarization diversity along with wideband operation.
To fulfill all these requirements, considerable attention has
been given to circularly polarized (CP) antennas because they
have the ability to suppress the detrimental effect of multipath
fading and also they allow the signal reception caused by mis-
alignment of receiving and transmitting antennas. CP planar
antennas are most popularly used nowadays in portable hand-
held terminals because of their low profile, small size, cheap
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cost and easy integrability with handheld devices. There is
no problem of orientation between transmitting and receiv-
ing elements involving CP antennas. CP antennas resolve
the problem of fading leading to a system with better spec-
tral efficiency and more throughput. A classical method for
stimulating circular polarization involves excitation of two
linearly polarized orthogonal modes of identical amplitude
with quadrature phase difference between them.

A CP band can be excited by single feed or dual feed.
A number of techniques have been presented by different
researchers for the excitation of circular polarization by
means of cutting a portion of the square radiator, insert-
ing a slot, slit or stub in the ground or patch, by loading
an active device in the patch, etc. [1-10]. A patch antenna
with unobtrusive single feed and loaded metamaterial is
proposed in Ref. [1]. This antenna consists of right/left-
handed mushroom-shaped resonators for exciting circular
polarization. In Ref. [2], circular polarization is achieved
by loading parasitic shorting element. In Ref. [3], a single
feed patch antenna loaded with U-slot and truncated corner
square patch is proposed for circular polarization radiation.
Single feed techniques provides a narrow axial ratio band-
width. To achieve a broad bandwidth, a dual-fed L-shaped
structure with cavity backing is reported in Ref. [4]. The
ground plane with cavity backing helps in improving the
coupling factor thus increasing the antenna bandwidth. CP
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can also be achieved by parasitic loading [5] or by inserting
stubs [6]. Dual band CP operation is realized by introduc-
ing a parasitic patch under the radiating patch in Ref. [5]
whereas in Ref. [6] L-shaped stubs are loaded exterior to the
trimmed patch so that outer and inner mode can be excited.
By introducing asymmetrical slits on each corner of square
patch, circular polarization is achieved in Ref. [7,8]. For size
reduction and to acquire circular polarization, arrowhead-
shaped slotted antenna is proposed in Ref. [9]. The Koch
fractal geometry can also be used for circular polarization
[10]. The dual-feed configuration provides wider axial ratio
bandwidth keeping quadrature phase difference between the
two feed elements. However, the major problem lying with
dual-feed antennas is mutual coupling between the two feed
elements.

The problem of mutual coupling can be solved by using
defected ground structure technique consequently improv-
ing the antenna performance parameters. In the last decade,
a number of studies have been reported for reducing the
mutual coupling effect using ground with induced defects.
In Ref. [11], a circular ring is embedded in the ground sur-
face for reducing the mutual coupling effect. In Ref. [12]
the ground plane is loaded with a dumbbell shaped slot. A
spiral-shaped ground with a defect is proposed in Ref. [13].
Finally, an inverted defective U-shaped ground in discussed
in Ref. [14]. In this paper, we propose a dual-feed microstrip
antenna with wide impedance and axial ratio bandwidth for
X, Ku and K band satellite applications. The two microstrip
line-feeds excites two orthogonal waves of same amplitude
with a 90-degree phase difference between them for circular
polarization. The mutual coupling effect between the feeds is
minimized by integrating a pair of circular arc in the ground
surface of the designed antenna. The proposed antenna shows
a — 10 dB impedance bandwidth of 71.92% ranging from
8.95 to 19 GHz and 3-dB axial ratio bandwidth from 8.85 to
11 GHz. The main advantage of proposed antenna is its low
profile and simple geometry without any loading of active
devices, truncation at corners or perturbations in the patch
for exciting CP radiations. Moreover, the proposed antenna
structure has been theoretically analyzed using the cavity
model and equivalent circuit approach.

2 Antenna design

The antenna consists of a microstrip line of length Ly and
width wy, with circular slot of radius ¢ embedded in the
ground plane underneath the open end of microstrip line as
shown in Fig. 1. The antenna is referred as Ant/ and the
total size of antenna is D x D x h mm?>. In the second
step, one more microstrip line of same dimension (Ant/) is
placed orthogonal to the first feed line and designed antenna
isreferred as Ant2. The dual-fed circular slot defected ground

@ Springer

Circular Slot In "o"--"~~~ '
Ground K4 ~
’ \‘
] X x
te - a__ '
[} r,-L ',
“ ...75;_'
. |
‘\~ L 'of
o loet
] 1
7 :
1
|
|
Microstrip-line !
,"ni_‘_. !
Lml
|
l i
1 1
|
1
|
: D
\
|
|

Fig. 1 Design layout of Ant/ a schematic, b top view of fabricated
prototype, ¢ bottom view of fabricated prototype

antenna schematic and fabricated prototype is shown in
Fig. 2. The two feeds are represented as feedl and feed?.
The overall size of designed antenna is B x B x h mm?>.
Further, in order to achieve circular polarization in the
designed antenna (Ant2), the length of feed? is increased
by a deference of quarter wavelength, thus introducing a
phase shift of 90 degree between the resonating modes.
The designed structure with asymmetric length dual-feed
arrangement is referred as Ant3. Figure 3a, b shows the
schematic and fabricated prototype of proposed Ant3 with
overall antenna size B x B x h mm? respectively. Addition-
ally, to reduce the effect of mutual coupling between the feed
lines, a circular arc-shaped slot of width s is embedded in the
ground plane at a distance of d from the center of circular
defect. The dual-fed circular arc-shaped slot loaded defected
ground antenna schematic and fabricated prototype is shown
in Fig. 3c, d, respectively, and is referred as Ant4. To further
reduce the mutual coupling effect between the feed lines, one
more slot (which is a mirror image of circular arc-shaped slot
embedded in Ant4) is loaded in the designed antenna. The
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Fig. 2 Design layout of Ant2 a schematic, b top view of fabricated
prototype, ¢ bottom view of fabricated prototype

dual-feed antenna loaded with two arc-shaped slots and cir-
cular defect in ground surface is referred as Ant5. Figure 3e, f
shows the schematic and prototype of proposed Ant5, respec-
tively. The simulation and optimization of proposed antenna
prototype are carried out using finite element method based
commercially available software package, Ansys HFSS. The
detailed dimensions of the proposed structure are listed in
Table 1.

3 Theoretical considerations

The equivalent circuit of microstrip line-fed defected ground
antenna is illustrated in Fig. 4. Microstrip line of 502 is
used for feeding the antenna structure. The ground plane
embedded circular defect radius a can be calculated as [15]

ey

F
a =
F

{1422 [in (257) + 1.7726]}1/2

we F

where h and ¢, are the thickness and dielectric constant of
the substrate, respectively. The value of F is calculated as

where fmin is the design frequency of the wideband microstrip
antenna. A deference of quarter wavelength is present in feed
lines length for the excitation of circular polarization. The
length Ly of feedl and Lpyn of feed?2 are considered in the
multiple of quarter wavelength and are calculated as

5
Lml = ll + 12 = Z)\eff (3)
5 1 3
Lnp = Z?»eff + Z)Leff = E)Leff 4)
where
c
Aeff = —————— (5)
¢ fmin A/ Eeff

where c is the speed of light in free space and ecfr is the
effective dielectric constant of the microstrip line [15]

e+1 -1 1
Eaff = + 6
eff 2 2 JT+ 2hjwm ©)

where wyy is the width of microstrip line.

To calculate the position of circular defect embedded in
the ground plane, the microstrip line has been divided into
two parts: length /; and length /5. A lossy microstrip line
can be modeled as a tank circuit with parameters series resis-
tance R, series inductance L, shunt conductance G and shunt
capacitance C. These parameters R, L, G and C are in per unit
length and can be calculated for length /1 and /; for microstrip
line. The parameters Ry, L11, G11, C11 and R12, L2, G2,
C1» correspond to the microstrip line of length /1 and I, of
feedl, respectively. Similarly, the parameters Ryq, Loy, Gai,
C»>1 and R»>, Laa, Goa, Coo correspond to microstrip line of
length /1 and I, of feed2, respectively. The microstrip line
impedance Z1; and Z1, of feedl and Zy1 and Zy, of feed2
offered by length /1 and />, respectively, are given as

Ri1 + joLq

Zn = A2 ©
G+ joCpy
Rip + jwLio

Zip = | 2T JeRR (®)
G+ joCr2
Ry + jwLoy

Zy = [0 ©)
Go1 + jwCo

Ry + jwLan

Zyy = |————~ =% (10)

G+ joCxn

A fringing capacitance Cy gets introduced at the open-

ended discontinuity of the microstrip line which is calculated
as [16]
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Fig.3 Design layout of the
proposed antennas a schematic
of Ant3, b fabricated prototype
of Ant3 (top view), ¢ schematic
of Ant4, d fabricated prototype
of Ant4 (bottom view), e
schematic of Ant5, f fabricated
prototype of Ant5 (bottom view)

Table 1 Design specifications for proposed antennas

Parameter mm Parameter mm Parameter mm

a 5.5 Wl 2.3 K 1

r 1.5 D 36 d 6

A 23.41 B 57.83 h 0.762

15 4 B 64.68

Ly 27.41 L 34.27

Cr= Al—‘/@ (11)
cZy

where Al is the extended fringing field length at the end
of microstrip line and Z is the characteristic impedance of
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microstrip line. The impedance offered by fringing capaci-
tance of feedl and feed? referred as Zg; and Zy respectively
which is determined as

1
JoCt

Zyy =Zp = (12)

The coupling between the two circuits can be modeled by
the help of coupling capacitance C} given by [17]

—(C1+C2) + \/ €1+ )P 4016 (1= ¢72)
2

Cp =
(13)
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Fig.4 Modeling of DGS with I
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where C1 and C» are the capacitances offered by both the cir-
cuits. The coupling coefficient Cx between the two networks
is

1

Ck= — 14
£ 0102 (19

where Q1 and Q> are the quality factor in both the net-
works. The coupling capacitance between feed! and circular
defect is referred as Cp. Similarly, the coupling capacitance
between feed? and circular defectis referred as Cp. To model
the coupling between fringing fields due to two feed lines, a
coupling capacitance Cyr is introduced in the circuit model. A
coupling capacitance Cpc between both the feed lines is also
introduced. The coupling capacitance values may be calcu-
lated by the help of Eq. (13). The quality factor of microstrip
line is determined as

0 L (15)
= Ww—

R
The coupling capacitance Cp1, Cp2, Ctr and Cpc offers Z,
Zp2, Zs and Zpc impedance, respectively, which can be cal-
culated as

1 1 1
Zp| = -~ ; Zpy = s L= - ;
JoCpi JoCp JoCr
1
Zpc = -~ (16)
JwCpc

The coupling inductance Lp;, between the two microstrip
lines is determined from [17]

Ci® (Li+La)+/ G (Li+ L) +4Ci2 (1-Ci2) LiLa
2(1-C?)

Lp. =
(17)
where L and L, represents the inductance of feedl and

feed?2, respectively. The impedance offered by coupling
inductance Lpy, is calculated as

ZpL = jwLpL (18)

The input impedance Zg; of embedded ground slot is mod-
eled by an ideal transformer with microstrip line as shown in
Fig. 4. The turn ratio N of transformer is determined as [18]

Zo
Zgot

N =

(19)

The slot impedance Zg) of circular defect is calculated from
[19]
e

Zslot = —— 20
slot 4ch ( )

where 7 is the intrinsic impedance, Zy is input impedance
of the cylindrical dipole given as

l kl
Zey = Ry (kl) — j [120 <ln— — 1) cot 5} 2D
w

where R; is defined as the radiation resistance of the dipole
determined as

o ﬂfﬂ [cos (% cos@) — cos (%)]z W .
0

"o sin 0

The slot is integrated in the ground plane; thus, the input
impedance of the slot is added to the circuit model by an
ideal transformer with turn ratio N determined by

Zlsiot = N Zsot (23)
Figure 5 shows the equivalent circuit model for the proposed

antenna structure. The total input impedance Z;, of the model
is given by

1
Zn=|—0—o—+—++—+ )
" [((Zu-l-zlz) Zpy Zn o Zly,
+( Lo >
Zp1L, Zs Zpc
1 1 1\1!
+t |\ 50— —t+t-5—+-— (24)
((Zzl+222) Zp Zfz)}

The S value of proposed antenna is calculated as

S11 = 201log (|r]) (25)
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Fig.5 Equivalent circuit model
for the proposed antenna ar
structure
O zpPL
zZPC
zZ11 221
l—) zpl 1 Z'slot zp2 zp
Zin2 722
z12
(e
where r is the reflection coefficient and is —+—=--Theoretical
Measured |- /-
= Zin — 2o (26) Simulated
Zin + Zo 104 |
The voltage standing wave ratio (VSWR) can be calculated 5
as @
14 |r] w207
VSWR = 1 27
- |I' | -25
The parameters for each port can be calculated using Eqs.
(24-27) i.e. Zin1, Si1, 11, VSWR| and Zina, S22, 12, VSWR, 01 ‘ |
T T T 1 T

corresponding to port 1 and port 2, respectively. The param-
eter Sy or Sy is related with other parameters by following
equation [20]

_ 2 VSWRz(l—SQ_z)—VSWRl S71
(+5811) (1 =522)+583, +2521 ySWR, (1=s,,)-VSWR, 551

Zinl = Z
m= o (1= S1) (1— ) — 82,

(28)

The parameter Sz; can be easily calculated by Eq. (28) after
calculating Zj,, S11/522 and VSWR using Egs. (24), (25) and
(27), respectively.

4 Results and discussion

The substrate RT Duriod 5880 is used for the fabrication of
all proposed antenna designs. The dielectric constant &, loss
tangent ran & and height & of the substrate are 2.2, 0.0009
and 0.762 mm, respectively. The S-parameters of the fabri-
cated antennas are measured using Agilent Vector Network
Analyzer PNA L series. The theoretical, simulated and mea-
sured return loss behavior of Antl is shown in Fig. 6 and
is considered as a reference antenna for the present study.

@ Springer
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Fig.6 Theoretical, simulated and measured S-parameters of Ant/

Antl shows two resonances at 10.8 and 16 GHz with wide
impedance bandwidth ranging from 9.8 to 17.55 GHz.

The Ant2 with microstrip line dual-feed mechanism shows
an impedance bandwidth ranging from 9.1 to 14.95 GHz with
single resonance at 10.15 GHz. The S-parameter variation
of Ant2 is shown in Fig. 7, and an impedance bandwidth
of 48.65% is achieved in this antenna. The mutual coupling
between the two feed lines degrades the antenna performance
resulting in a smaller —10 dB impedance bandwidth and
single resonance in Ant2 compared to Antl. Because of a
small distance between the open ends of two microstrip lines,
a large amount of mutual coupling will be present among
the feed lines. The S>; of Ant2 is about —12.87 dB at 12
GHz. The theoretical, simulated and measured S-parameters
of Ant2 are in good agreement with each other. However,
compared to simulated and measured results, the theoretical
S11 variation shows better resonance at 11.4 GHz. This can
be understood by the concept of current distribution within
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Fig.8 Theoretical, simulated and measured S-parameters of Ant3

the metal strip and the ground plane. The presence of ground
plane under the feed line results in an unequal division of cur-
rent in the metal conductor and the ground surface. Because
of this the normalized series resistance offered by the strip
and the ground are of different values. Since there is no
ground plane under the length /5, the normalized series resis-
tance offered by this segment is negligible.

The theoretical, simulated and measured S-parameters
of Ant3 are shown in Fig. 8. There is a difference of A/4
between the two rectangular feed lines in Anz3. Ant3 shows an
impedance bandwidth of 52.53% ranging from 9.1 to 15.25
GHz. The mutual coupling S>; between the two feed lines is
almost same as in An#2. In Fig. 8, the measured and simulated
S11 variations are in good match with theoretical results.

Figure 9 shows simulated and measured return loss com-
parison for Ant4. The — 10 dB impedance bandwidth ranges
from 8.95 to 19 GHz (71.92%). The parametric comparisons
of S11 with frequency for different values of circular arc width
s and radius d are shown in Figs. 10 and 11, respectively. The
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Fig. 9 Simulated and measured S;; variation with frequency of Ant4
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mutual coupling comparisons for different values of circu-
lar arc width s and radius d are shown in Figs. 12 and 13,
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respectively. In the figure, it can be observed that the value
of S is suppressed to a level of —20.3 dB for s = 1 mm

and d = 6 mm.
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The S-parameters variation with frequency for Ant5 is
shown in Fig. 14. Ant5 shows an impedance bandwidth of
71.92% ranging from 8.95 to 19 GHz. By embedding two
circular arcs in the ground plane, the mutual coupling value
can be suppressed up to a level of —37.5 dB in the band of
operation. The simulated results of proposed antenna are in
good match with measured results. The S>> and Sy, varia-
tions of all the designed antennas are similar to their relative
S11 and S»; variations; therefore, in order to avoid the rep-
etition of figures, S1; and S71 parameters have been shown
only.

Figure 15 illustrates the axial ratio variation with fre-
quency of Ant3, Ant4 and Ant5. For creating a 90-degree
phase difference between the resonating modes, a pair of feed
lines with a difference of quarter wavelength between the two
are used. Ant3 shows circular polarization ranging from 9.1
to 10 GHz. The 3-dB axial ratio value of Ant4 ranges from
9.15 to 10.35 GHz with a wide band of more than 1.2 GHz.
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Fig.17 Simulated and
measured Co-Polar (CP) and
Cross-Polar (XP) radiation
pattern at 10 GHz a Ant2 in XY
plane, b Ant2 in XZ plane, ¢
Ant3 in XY plane, d Ant3 in XZ
plane, e Ant4 in XY plane, f
Ant4 in XZ plane, g Ant5 in XY
plane, h Ant5 in XZ plane
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The measured 3-dB axial ratio bandwidth of Ant5 ranges
from 8.85 to 11 GHz with a wide bandwidth of more than
2.1 GHz. Thus, Ant5 provides largest 3-dB axial ratio band-
width among the proposed dual-feed antenna designs.

The gain of proposed antennas Ant2, Ant3, Ant4 and Ant5
is shown in Fig. 16. Ant2 and Ant3 show peak gain of 5.2 and
5.4 dBi at resonance frequencies 9.5 and 16.6 GHz, respec-
tively. The average gain of Ant2 and Ant3 is about 5.2 and 5
dBi, respectively, within the radiating band. An increase in
the value of gain is observed in Ant4 at the frequency 16 GHz
due to the isolation effect provided by the embedded circu-
lar arc. A further improvement in antenna gain is observed
in Ant5 by means of a double arc-shaped embedded defect
in the ground surface. The peak values of measured gain in
Ant4 and Ant5 are 5.9 and 6.9 dBi, respectively. A small dif-
ference in simulated and measured results is present due to
conventional photolithography fabrication process, soldering
of SMA connectors and cable effects. Figure 17 shows the
Co-Polar (CP) and Cross-Polar (XP) radiation characteristics
of presented antennas in XY and XZ planes. For compari-
son purpose, all radiation patterns are plotted at 10 GHz.
Ant2 and Ant3 show higher XP level because of dual feed,
whereas XP level is suppressed in Ant4 and Ant5 because
of the use of DGS. Ant5 shows best radiation characteristics
with minimum XP level and better isolation between CP and
XP radiations.

5 Conclusion

A dual-feed microstrip patch antenna with wide — 10 dB
impedance and 3-dB axial ratio bandwidth is presented. The
dual feeds stimulate the two orthogonal waves with 90-degree
phase difference among them to obtain circular polarization
without cutting or notching any region of the radiating patch.
An equivalent circuit model is also proposed for the antenna
structure, and it is found that theoretical and simulated results
are a good match with measured results. Further, single and
double arc-shaped DGS are embedded in the ground plane
to reduce the mutual coupling effect between the feed lines.
The antenna shows a wide impedance bandwidth of 71.92%
ranging from 8.95 to 19 GHz with a measured peak gain of
around 6.9 dBi in the resonating band. The proposed antenna
does not involve truncation of corners or any loading of active
devices used for the excitation of circular polarization. Com-
pared with the other existing wideband CP antennas, the
presented antenna is very easy to fabricate as well as has
wide impedance and axial ratio bandwidth, thus making it a
potential candidate for the current wireless applications.

@ Springer
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