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Design and development of a stacked
complementary microstrip antenna with a
“77 -shaped DGS for UWB, UNII, WLAN,
WiMAX, and Radio Astronomy wireless
applications

AMANPREET KAUR AND RAJESH KHANNA

The proposed research paper presents the design, development, and experimental testing of a broadband stacked complemen-
tary microstrip antenna for ultra-wideband (UWB) (5.28-5.85 GHz), Unlicensed National Information Infrastructure band
(UNII) (5.25-5.825 GHz), wireless local area networks (WLAN, IEEE802.11a, 5.15-5.35 GHz), and IEEE 802.11b (5.75-
5.85 GHz), Worldwide Interoperability for Microwave Access band (5.25-5.85 GHz), and Radio Astronomy band
(6.6-6.75 GHz) wireless applications. The main aim of this paper is to obtain an UWB behavior from the combined effect
of two resonances exhibited by the driven and parasitic patches of a stacked complementary antenna geometry. Circularly
polarized radiations are also emitted by the antenna by the addition of an orthogonal stub to its feed line. The proposed three-
layered antenna structure (without air gap) is fabricated on commercially available glass-reinforced epoxy laminate, FR4 sub-
strate. The topmost layer of FR4 has a square-shaped patch parasitic patch printed over it; this patch has a square slot etched
out from it. The middle layer of the antenna has a square-shaped driven patch of approximately the same dimensions as that
of the slot in parasitic patch. The antenna is fed using aperture-coupled feeding mechanism. Therefore the lowermost layer of
FR4 has a ground plane on its top with a “m”-shaped slot etched from it and a feed line with an orthogonal stub at its bottom
forming a “T”-shaped geometry. The antenna is fed by the electromagnetic coupling between the antenna layers . The proposed
antenna has a compact structure with overall volumetric dimensions of 4.7 x 3.82 X 0.483 cm®. The antenna design and
simulations are carried out using CSTMWSV’10 with perfect boundary (electric and magnetic) estimations. This designed
antenna shows an UWB behavior from 5.14 to 5.85 GHz with an impedance bandwidth of 710 MHZ and a fractional band-
width of 12.62% at the center frequency of band at 5.5 GHz. The radiating antenna also possesses a good gain of 4.59 dBi at
the central frequency of 5.50 GHz and a 1 dB axial ratio bandwidth of 820 MHz from 5.16 to 5.98 GHz. The validation of
results is done by fabrication and experimental testing of the antenna using a vector network analyzer and placing the
antenna in an anechoic chamber for gain measurements. The measured results show close matching with the simulated
ones and this makes the antenna well suited for the proposed wireless applications of interest, specifically in small handheld
wireless communication devices.
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I. INTRODUCTION devices. Apart from the issue of size compatibility, the radi-

ation properties of the antenna should also be sufficiently suit-

Microstrip patch antennas have been one of the favored
choices in research and industry for use in radio frequency
(RF) handheld devices. The main reason for this can be attrib-
uted to the continuous shrinking size of electronic equipment
that demands same type of antenna elements in wireless
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able for the desired applications. A microstrip antenna (MSA)
fulfills all these requirements needed to support RF handheld
devices for a specific wireless application. Apart from having a
compact geometry, these antennas are low cost, easy to manu-
facture and conformable to planar as well as non-planar sur-
faces [1]. Apparently, a major challenge among researchers
has been to get a broadband behavior from these antennas
as these antennas suffer from an inherent disadvantage of
low bandwidth (up to 5% around the center frequency of
operation). Literature review in the context of bandwidth
enhancement of MSA reveals a number of methods for
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improving the impedance bandwidth (voltage standing wave
ratio - VSWR < 2) of these antennas. The proposed
methods mainly include the use of slot-loaded patch antennas
for a wideband antenna performance [2], use of spiral-shaped
antennas to get a dual wideband performance [3], use of
typical shapes like “E”-shaped patches to improve operational
bandwidth of MSA [4] and planar inverted F antenna (PIFA)
structures to enhance the bandwidth [5]. Many other techni-
ques that are available for bandwidth enhancement are men-
tioned in [6-8]. Stacking of multiple patch antennas printed
on different substrate layers was introduced by Waterhouse
[9]. Stacking antenna layers has been a preferred choice to
achieve a multiband and wideband performance among
researchers, because of its ease of implementation. Research
work is available in [10, 11] that concentrate on the develop-
ment of stacked patch antennas for multiband and wideband
wireless applications. Defected Ground Structures also aid in
obtaining a multiband and a wideband operation from the
microstrip patch antennas [13, 14].

Based on the literature review in this regard [16], a novel
technique has been proposed in this paper for bandwidth
enhancement. The main aim of this novel technique is to
utilize slot loading a patch antenna in a stacked configuration
with a defected ground structure for enhancing the bandwidth
of conventional microstrip patch antenna. The slot is intro-
duced in the parasitic patch such that the driven patch is
approximately of same dimensions as the slot in parasitic
patch, thereby forming a complementary geometry stacked
antenna that shows an ultra-wideband (UWB) behavior.
Another aim is to use a feed line that has a horizontal stub
attached to it for exciting the patch and thereby allows the
antenna to exhibit a circularly polarized behavior.

As the UWB, wireless local area networks (WLAN),
Unlicensed National Information Infrastructure band (UNII),
Worldwide Interoperability for Microwave Access (WiMAX),
and Radio Astronomy are some of the most prominent wire-
less technologies used these days for wireless data transfer; the
aim of the proposed research work is to present an UWB
antenna that supports a good data rate for the mentioned
wireless applications of interest. Therefore the current article
presents the design, development and experimental testing
of a three-layered stacked aperture-coupled microstrip patch
antenna with a complementary geometry. The antenna
layers are stacked without any air gap between the substrate
layers and the use of two stacked complementary-shaped
patches that excite nearby frequencies leads to an increased
operational bandwidth. The bandwidth is also improved by
multiple-layered structures as it leads to an increased effective
antenna height, thereby providing loosely bound fields that
are radiated by the antenna [10]. The ground layer has a
“7r”’-shaped slot cut from its surface apart from the aperture
slot that further enhances the operational bandwidth of the
antenna [12]. This stacked antenna is energized using a feed
line that has a horizontal stub attached to it giving it a
“T”-shaped geometry, this enables it to radiate two orthogonal
linear (horizontal and vertical) components of electric field
vector thereby emitting circularly polarized electromagnetic
(EM) waves in free space.

The proposed antenna is designed and simulated using
CST MWSV’10 software using Time domain solver and
assuming the boundary approximations to be perfect.
Antenna testing is experimentally performed using a VNA
and an anechoic chamber for the authentication of results.
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A close match between the simulated and measured results
allows the intended antenna to be an optimum choice for
the suggested wireless applications of interest.

. ANTENNA GEOMETRY

The perspective view of the proposed stacked resonant struc-
ture can be seen in Fig. 1(a). The aim of the antenna design is
to get a circularly polarized UWB behavior from a stacked
complementary MSA configuration that is fed with a
T-shaped feed line. Therefore the antenna design procedure
starts with the use of transmission line equations mentioned
in C.A. Balanis for calculating the dimensions of the two rect-
angular patches (used in the stacked geometry) that excite two
nearby resonant frequencies of 5.25 and 5.65 GHz [1]. Since
two patches are stacked, the two bands radiated by the
antenna merge to show a broadband behavior.

A slot is cut in the parasitic patch of approximately the
same dimensions as the driven patch, allows one more
current loop to be generated on the top patch and leads to
an increase in the antenna operational bandwidth. Since the
effective height for the parasitic patch increases, this slot
excites an additional frequency near the resonance of
5.65 GHz that is governed by the equation (1) and further
leads to enhancement of the antenna impedance bandwidth.

fr

-t (1)

T 2(l + AL) e !

where &,, = (¢,, + 1)/2 + (e, — 1)/2(1 + 12(h2/W2))_1/2 and
(€2¢ + 0.3)(W,/h,) + 0.264) _

2 . A ., h
(6w —0.258)((wa /1) + 0.8)° 0 b is the

length of the slot cut in parasitic patch [14].

Al, = 0.412]

The proposed antenna is made up of three layers of the
commercially available glass-reinforced epoxy laminate FR4
substrate. This substrate has a dielectric constant &, of 4.4
with a dielectric loss tangent of 0.0024 and a thickness of
1.57 mm. The dimensions of substrate for all the three
layers of the antenna are 47 X 35 mm® The topmost two
layers of FR4 have rectangular patches printed over them
that have a complementary geometry with optimized di-
mensions of 27 X 27.25 mm” (see Fig. 1(b)) and 13.8 x
10.125 mm® (see Fig. 1(c)), respectively. The lower patch
antenna is approximately of the same size as the slot dimen-
sions in the upper patch antenna, which is 14 x 9.5 mm?
thus making it suitably called as a complementary stacked
patch antenna.

The ground plane has optimized dimensions X4 x W4 as
44 x 38.5 mm” (reduced ground) and a “7”-shaped slot is
etched from its surface apart from the aperture slot that
further enhances the bandwidth at the operational band (see
Fig. 1(d)). A defected ground structure (DGS) behaves like
an LC circuit that can excite another resonant frequency
that is governed by the equation

1

= ok (2)
where L = 1/(47f}C) and
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Fig. 1. (a) Perspective view of the stacked antenna with three layers of dielectric substrate. (b) Topmost layer of the antenna. (c) Middle layer of the antenna.
(d) Ground layer with 7-shaped slot. (e) Bottom layer of antenna with a T-shaped feed line.

where f,, f., and Z, denote the resonant frequency, cut-off fre-
quency, and characteristic impedance of microstrip line above
the DGS, respectively

If the resonant frequency generated by the DGS is chosen
close to the existing resonant frequency near 5.65 GHz, it
further leads to an increase in the operational bandwidth of
the antenna [12].

The antenna parameters for desired results are optimized
by iterative procedure using the CST MWS V’10 software.
The main parameters that were optimized to obtain the
desired UWB behavior from the antenna are the driven
patch length, aperture slot width and the width of the horizon-
tal slot in DGS. Parametric variations mentioned in Section III
elaborate the optimization procedure in detail.

The antenna is excited by pulsed source using a feed line
with a stub that forms a “I”-shaped geometry. This allows
two orthogonal linear components of electric fields to be
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available on the antenna surface. Thereby allowing the
antenna to radiate circularly polarized waves (see Fig. 1(e)).
The parametric values of all the labeled parts of the antenna
are mentioned in Table 1 for reference.

. SIMULATION RESULTS AND
PARAMETRIC VARIATIONS

The proposed stacked antenna structure was designed and
simulated in CST MWS V’10 using the Finite Integration
technique and considering perfect boundary conditions.
Simulation settings of hexahedral mesh cells with 30 lines
per A were chosen. The impedance-matching conditions
required the antenna to be matched to a port impedance of
50 £} and the results were analyzed using transient solver.
Simulation results in terms of impedance bandwidth, axial
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Table 1. Parametric details of the antenna.

Parameter Dimensions (mm)
X 47

Y 38.55
X1 27

Y1 27.25
X2 14

Y2 9.5
X3 13.8
Y3 10.125
X4 44

Y4 385
X5 10

Ys 0.5
X6 24

Y6 3

X7 3.5
Y7 725
X8 4.2
Y8 9.347
X9 10

Yo 2.6

ratio bandwidth, Smith chart, current distribution, and radi-
ation pattern plots in terms of gain are presented in this
section, for the antenna operating in the Quasi-TEM mode.
The parametric variations and the effect of DGS are also men-
tioned to obtain the desired performance in terms of imped-
ance bandwidth.

A) Impedance bandwidth

The frequencies for which the proposed antenna shows a S, ,
(dB) value of —10 dB and below represent the impedance
bandwidth for this antenna. Figure 2 shows the impedance
bandwidth of 710 MHz for the proposed antenna from 5.14
to 5.85 GHz. Thereby showing a fractional bandwidth of
12.62% at the central frequency of 5.5 GHz (at the band of
antenna’s operation). This range of frequencies for which
the proposed antenna’s input impedance is matched to the
impedance of the transmission line and the SMA connector
(with an impedance of 50 () is the required impedance band-
width of the antenna.

Figure 2 shows the graph of the impedance bandwidth,
with frequencies plotted along the X-axis against the §,,
(dB) values on the Y-axis.

B) Smith chart

The proposed stacked patch antenna is designed and simu-
lated with a drive point impedance of 50 (). Figure 3 shows
the Smith chart of the proposed stacked patch antenna and
markers show the impedance matching at the band of
antenna’s operation.

C) Axial ratio bandwidth

The range of frequencies at which the proposed antenna
maintains the major to minor axis ratio of the ellipse (that
is traced by the extremity of the two orthogonal electric filed
components radiated by the antenna) is its axial ratio band-
width. The 1 dB axial ratio bandwidth of the antenna is
819 MHz ranging from 5.16 to 5.98 GHz (see Fig. 4). The
antenna radiates circularly polarized EM waves as two orthog-
onal linear components of electric field are emitted out by it in
free space. Thus, the antenna shows a circularly polarized
behavior at the operational band, thereby making it best for
RF front end applications where the orientation of receiver
will not affect the system’s performance because of its ability
to transmit and receive EM signals along any direction.

D) Current distribution results

In order to observe the responsibility of a specific part of the
antenna for showing resonance at the respective frequencies of
the operational band from s5.14 to 5.85 GHz, the antenna is
energized with an input of 1 W (default) of power by the
CST MWSV.i0 software. The resulting distribution of
current density is observed on different antenna layers for
each respective resonant frequency. Figures 5(a) and s5(b)
show the distribution of current on the surface of top and
the middle patch antennas at 5.25 GHz. Since upper patch is
shows a smaller value of current density (23.3 A/m) than
that of 30 A/m on the lower patch antenna, the driven/
lower patch is therefore considered to be responsible for the
exhibiting the resonant frequency of 5.25 GHz. Figures 6(a)
and 6(b) also show the peak values of surface current at the
central frequency of the band at 5.5 GHz . The peak magni-
tude of surface current density on the top patch is 19.5 A/m
and that on the lower patch antenna it is 17.15 A/m
showing almost the same value of current at the center fre-
quency of operation band, that leads to the conclusion that
both the patches excite nearby frequencies of 5.5 GHz that
merge to show a broadband operation. Figures 7(a) and 7(b)

[ p——————
| —Cirnalated S11(d8)

S11 magnitude(dE)

4 15

Fresquncy{GHz)

Fig. 2. Simulated S,, (dB) plot of the antenna.
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Fig. 4. Simulated axial ratio bandwidth of the antenna.
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Fig. 5. (a, b) Surface current distribution on the upper and lower patch
antennas at 5.25 GHz.
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Fig. 6. (a, b) Surface current/H-field distribution on the upper and lower patch
antennas at 5.5 GHz.
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Fig. 7. (a, b) Surface current distribution on the upper and lower patch
antennas at 5.65 GHz.

show the surface current distribution on the two patches at
5.65 GHZ. The simulation results show that the upper patch
antenna has a peak surface current distribution of 20.38 and
15.48 A/m on the lower patch. This further leads to the con-
clusion that the upper patch that has two current loops
formed at its surface is responsible for exhibiting a resonant
frequency of 5.65 GHz. Figure 8 shows the current distribu-
tion on the ground plane at 5.5 GHz is 29 A/m. Therefore
the ground structure further helps in enhancing the antenna
bandwidth and this is elaborated in Section III-E of the paper.

E) Role of DGS in bandwidth enhancement

A DGS is usually a slot of a specific shape cut out in the
ground layer of the antenna. This slot in the ground layer
disturbs the current distribution there and changes the
frequency-dependent inherent inductive effect of the resulting
structure. This changes the propagation of EM waves through

A/n
29.4
27.6
23.9
20.2
16.5
12.9
9.19
5.51
1.84

L)

Epr

niter

i nuR-30
Frequency
Phase

Surface Current (peak}

n-Field (F=5.5) [1]

29.2961 A/m at -0.814815 / 3.2125 / 0
5.5

306 deqrees

Fig. 8. Current distribution on the ground plane at 5.5 GHz.

antenna substrate layers and thus a specific resonance can be
obtained from these structures too. If the resonance is close to
the operational band of the antenna, it can lead to an
improved bandwidth. In case it produces a new resonance,
the antenna structure behaves as a multiband antenna [12].
The S,, (dB) plot of the antenna (with respect to frequency)
that compares the antenna operation with and without DGS
is shown in Figure 9. It can be observed from Fig. 9 that the
proposed antenna structure with DGS shows an increase in
bandwidth by 200 MHz as compared with the antenna
without DGS. The DGS thus helps in improving the
antenna performance.

F) Parametric analysis of the antenna

The antenna parameters for the required impedance band-
width of 710 MHz from 5.14 to 5.85 GHz have been optimized
using the parameter sweep option in the software CST
MWSV’10. Figure 10 shows the parametric results of
antenna in terms of the S,;, (dB) plot. These results were
obtained when the length of patch was varied, it is observed
from Fig. 10 that with variation in the upper patch length,
the S,, (dB) values vary and since lower values of S,, (dB)
are preferred for antennas with a better impedance matching,
27 mm (—13.5 to 13.5 mm) was chosen as the optimized
length of upper patch antenna.

Another parameter that was optimized was the DGS par-
ameter X7. From Figure 11, it is observed that the value of
S.: (dB) as well as impedance bandwidth gets affected when
the DGS dimensions are changed. The optimized value of
X7 is therefore chosen to be 7.5 mm for the proposed patch
antenna.

S11 magnitude in dB

=l . ——
S— Weh DGS
*s Without DGS

4 | | |

25 3 35

i 45 3 55
Froguency/GHz

Fig. 9. Comparison of S,, (dB) value of the antenna with and without a DGS.
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Fig. 12. Effect of variations of aperture slot Y7 on antenna performance.

Figure 12 shows the variations on the shows the effect of
variation of aperture slot width Y7 on the S,, (dB) results of
the antenna, the variation in the height of the aperture slot
leads to shift in the resonant frequency as the major portion
of the energy gets coupled to the patch through this slot
only. Since the best results are obtained with a slot width
equal to 0.5 mm, ie. from 5.25 to 5.75 mm, the optimized
height of the slot is selected to be o.5mm.

V. ANTENNA FABRICATION AND
MEASUREMENT RESULTS

(a) (b)

The proposed optimized stacked patch antenna was fabricated

Fig. 13. (a) Front view of the assembled antenna (b): View of the ground plane
using chemical lithography technique on an Fr4 substrate that

of antenna with a pie shaped slot.
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S11{dB)
T

55 3 65

Frequency{GHz)

Fig. 14. Correlation between simulated and measured impedance bandwidth results.

has a thickness of 1.57 mm and a loss tangent of 0.0024.
Figure 13(a) shows the view of stacked patch antenna
structure with three layers and Fig. 13(b) shows the view of
defected ground plane of antenna with a slot (“7” shape)
etched out from its surface. The ground layer has an aperture
slot at the center apart from the “7”-shaped slot. The antenna
was experimentally tested using a Vector Network Analyzer
Es5071C that has an operating range of 9 KHz to 8.5 GHz
for impedance bandwidth measurements. Measurements
were also made in a reflection-free chamber that operates
at a frequency range between 2 KHz and 20 GHz. This

Elevation plane view of the radiation pattern at 5 5GHz
0

]
1.1dB
i

— Simulated
= s nwei Measured

Phi = constant

180°
(a)

Azimuthal Plane view of Radiation Pattern at 5.5GHz

= = easured
— Simulated

Theta=constant

- BUD

180°
(b)

Fig. 15. (a, b) Correlation between simulated and measured (a) elevation and
(b) azimuthal gain pattern of the antenna.
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chamber had a standard horn antenna with a calibrated gain
of 12 dBi for Gain measurements.

Figure 14 shows the correlation between simulated and
measured results, which are plotted using MATLAB 2007b.

Figure 14 reveals that simulated impedance bandwidth is
from 5.13 to 5.85 MHz and the measured impedance band-
width is from 5.16 to 5.9 GHz, which allows the antenna to
be efficiently used for UWB bands from 5.28 to 5.85 GHz,
IEEE802.11a/WLAN applications from 5.15 to 5.35 GHz, a
IEEE 802.11b/WLAN band from 5.75 to 5.85 GHz, UNII
bands from 5.25 to 5.825 GHz and a WiMAX band from
5.25 to 5.85 GHz.

A slight variation in the measured S,, (dB) results shows
that the measured results (resonant band) have shifted
toward right. The reason for this could be attributed to the
minute parametric variations introduced during the antenna
fabrication process. Another probable reason for the shift in
results could be the misalignment of the three stacked layers
of the antenna while testing. The misalignment of the
feeding cable and the connector with the antenna also are
the probable reasons for getting a shift in the antenna’s
output response.

The fabricated antenna was tested for gain measurements
using a reflection free chamber (anechoic chamber) that has
a ridged horn antenna with a calibrated gain of 12 dBi. The
antenna shows a peak measured gain of 5.98 dBi at 5.5 GHz.
Figures 15(a) and 15(b) show the measured normalized gain
patterns of antenna at 5.5 GHz (the central frequency of the
band) in 2D (two-dimensional) along the elevation and azi-
muthal planes that are plotted in comparison with the simu-
lated ones using gain substitution technique in MATLAB.
The elevation plane view shows that the major lobe is oriented
along theta equal to 50° (Fig. 15(a)). It can be observed that

Fraquncy e

Fig. 16. The comparison of simulated and measured values of the antenna’s
gain.
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antenna shows an omni-directional pattern along the azi-
muthal plane (Fig. 15(b)). The simulated and measured
results of the radiation pattern plots at both the operation fre-
quencies are quite identical, but some differences that can be
observed between the two results are mainly because of the
fact that small valued signals are difficult to measure in the
presence of low-noise signals. The misalignment between
the transmitter and receiver, while measuring is also a
reason for getting a little variation in measured results.
Figure 16 shows the variation in the measured and simulated
values of the antenna gain over the entire band of antenna
operation, an average variation of about 1.2 dBi is seen
between the two results.

V. CONCLUSION

In the current paper, an aperture coupled, complementary
stacked (three-layered) MSA is presented for wireless applica-
tions of UWB from 5.28 to 5.85 GHz, IEEE802.11a/ WLAN
from 5.15 to 5.35 GHz, a IEEE 802.11b/WLAN band from
5.75 to 5.85 GHz, UNII band from s5.25 to 5.825 GHz and
WiMAX band from 5.25 to 5.85 GHz. The two patch antennas
excite nearby frequencies leading a broadband behavior. The
DGS that has a “ar”-shaped slot in the ground plane helps in
enhancing the operational bandwidth as it acts like an LC
circuit whose frequency is chosen near the existing operational
band of antenna. The antenna’s feed network (matched to an
impedance of 50 ()) has a “I”-shaped feed line that parasitic-
ally couples power to the two complementary patch antennas
using an aperture slot in the ground plane. The feed network is
matched at a VSWR of 1.2 and also helps the antenna in radi-
ation of circularly polarized fields. Apart from a compact size,
circularly polarized nature of the antenna is an added advan-
tage for it to be used in RF front end circuits and handheld
devices, as the orientation of the antenna will not affect the
system’s performance by a large factor. Some complementary
antennas have also been mentioned in the literature, but these
antennas are basically stacked complex fractal geometries and
show only a dual-band behavior [15]. The proposed antenna
is a much simpler geometry with a better (UWB) performance
and thus it is easier to implement with more wireless applica-
tions covered in a single antenna. This makes the antenna a
preferred choice for the proposed RF applications.

In conclusion, the multilayered complementary geometry
of the antenna with two resonating patch antennas and a
DGS is responsible for allowing it to show a broadband behav-
ior. The measured results closely match the simulated ones in
terms of gain characteristics and impedance bandwidth and
this makes the proposed antenna well suited for use in RF
handheld devices in indoor wireless applications.
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