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Proximity Fed Triple Band David Fractal 2 X 1 Microstrip Patch
Array Antenna with DGS

Jacob Abraham”

Abstract—This paper presents a triple band proximity fed 2 x 1 array antenna with defected ground
plane. The proposed antenna configuration is composed of two radiating elements, and both radiating
elements are made of a pattern similar to the first iteration level David fractal geometry. The proposed
David fractal 2 x 1 array antenna is designed and simulated on an FR-4 substrate of thickness 1.6 mm
and dielectric constant 4.3 by using the CST Microwave Studio simulation tool. In order to improve the
radiation characteristics of the antenna, an H-shaped defect is etched in the ground plane. The antenna
is fabricated and tested. The experimental data show good agreements with simulation results. The
fabricated triple band fractal 2 x 1 array antenna resonates at 2.527 GHz, 3.329 GHz, and 3.742 GHz
having bandwidths of 303 MHz, 99 MHz, and 102 MHz, respectively. The proposed fractal array antenna
can be used in mobile applications such as Wi-Fi, WLAN, Bluetooth, and Wi-Max.

1. INTRODUCTION

In recent years, there have been a rapid and tremendous growth in the field of wireless communication
due to the invention of portable handled communication device and also because of raising high
speed internet penetration. This portable device requires antennas with smaller dimensions and
multiband characteristics. This requirement has initiated research actives in various directions to
develop smaller antennas. Microstrip antennas become popular among antenna designers since they offer
many advantages like extremely low profile, light weight, simplicity, and are inexpensive to fabricate
using modern day printed circuit board technology. They are also compatible with microwave and
millimetre-wave integrated circuits. A simple microstrip patch antenna consists of a conducting patch
and a ground plane, and between them is a dielectric medium called the substrate having a particular
value of dielectric constant. The dimensions of a patch are smaller than that of substrate and ground.
Microstrip patch antenna is a well suited device for wireless communication devices and can work at
multiple frequencies [1,2]. In the following paragraphs, designing issues related with microstrip patch
antennas are analysed. Various feeding techniques used to excite patch antennas are mentioned in the
second paragraph. Conventional microstrip antennas had some limitations, incuding single operating
frequency as well as low impedance bandwidth. There are a number of techniques which have been
reported for enhancing the above mentioned parameters and are presented in the third paragraphs.
The defected ground structure and its significances in the field of patch antenna design are discussed
in the fourth paragraph. In the fifth paragraph, the use of fractal geometries in the antenna design
is explained, and in the last paragraph, works related to the proposed fractal 2 x 1 array antenna are
discussed.

Different feeding techniques are used to excite the microstrip patch antenna and are generally
classified into contacting and non-contacting types. In the first type, RF power is fed directly to the
radiating elements. Most commonly used contacting feed methods are microstrip line feed [3] and
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coaxial feed [4]. Proximity feeding [5] and aperture feeding [6] are common types of non-contact feeding
techniques, where power is transferred to the radiating elements from feed line using electromagnetic
coupling. Several research articles are available where these feeding techniques have been studied and
compared [7-9]. Proximity feeding offers several merits over other methods such as large bandwidth
and low spurious radiation. A novel proximity-coupled fed microstrip circular patch antenna resonating
at a frequency of 3.5 GHz is proposed for 5G applications [10]. Many researchers have also focused their
work on developing multiband antennas where radiating element is excited using proximity feeding
technique [11,12].

With the rapid development in the field of wireless communication, a modern wireless
communication network offers multiple services which supports various standards and mobile cellular
system like: GSM, PCS, UMTS, WLAN, Wi-Fi, Wi-MAX, LTE, Bluetooth, etc., hence the need
of multiband antenna arises. Multiband antennas are developed to operate in multiple frequency
bands. Multiband antennas use a design in which one part of the antenna is active for one band,
while another part is active for a different band. A lot of techniques have been reported in literature
to improve the above listed antenna parameters. Multiband operation was achieved by employing
various techniques including stacking [13], defected ground structure [14], frequency selective surface
FSS [15], Electromagnetic Band Gap (EBG) [16], Photonic Band Gap (PBG) [17], and by using
Metamaterial [18]. Several other well established techniques have also been employed to convert a
normal single band microstrip patch antenna into a multiband antenna such as cutting slots in the
radiating patches [19], using dual fed technique [20], using parasitic patches with same dimensions as
that of radiating patches [21], and a pair of double split ring resonators (DSRRs) on either side of the
feed [22]. A common limitation for this type of antenna is narrow bandwidth. The typical impedance
bandwidth of a microstrip antenna is between 1 and 2%. Many kinds of bandwidth enhancement
techniques, such as increasing the patch-ground plane separation by using a thicker substrate [23],
shorted patch [24], loading with parasitical patches [25], slot loading techniques [26], and slotted ground
plane [27], have been proposed and applied to microstrip patch antennas.

Defected ground structure [DGS] enhances the performance of the microstrip patch antenna by
intentionally modifying the ground plane metal of the patch antenna structure. DGS is realized by
etching off a simple shape in the ground plane which is known as defect. The defects etched on the
ground plane will disturb the shielded current distribution which results in controlled excitation and
propagation of the electromagnetic waves through the substrate layer. The patch antenna with defected
ground structure has a large electric length compared to a conventional patch antenna for the same
physical length. The term DGS was first reported to describe a single unit of dumbbell shaped defect in
the ground plane [28]. Studies are done to analyse the effect of various shapes of defects etched in the
ground plane [29, 30]. Studies have also been reported regarding achieving multiband characteristics by
using a defected ground structure [31]. Several research articles have reported that better return loss
performances are achieved due to DGS [32, 33].

In recent years, fractal geometries have been widely used in patch antenna designs to reduce
dimensions of the radiating elements and also to achieve multiband characteristics. Fractal geometries
are composed of multiple iterations of a single elementary shape and can be continued infinite times
thus forming a shape with in a finite boundary but of infinite length or area. Various fractal geometries
have been utilized to develop multiband and miniaturized microstrip fractal antennas. In recent years,
many intensive research works have been done using fractal geometries to develop useful radiating
elements, such as Log Periodic Fractal Koch [34], Bow-Shaped Fractal Helix [35], Sierpinski gasket [36],
plus shape [37], Durer pentagon fractal geometry [38], and Square Shaped Fractal [39]. Nowadays,
microstrip patch antennas have been developed with pentagon and hexagon shaped radiating patches
rather than the conventional square and rectangular shapes [40, 41].

The main aim of this paper is to present a new patch array antenna configuration that utilizes
first iteration level David fractal geometry shape as radiating elements. David fractal [42] concept was
effectively embedded in a hexagon shaped radiating patch antenna to achieve multiband characteristics
and size reduction [43]. The reported dual band antenna configuration yields bandwidths of 3.05%
and 0.91%, respectively, at lower and upper bands. In this proposed work, both radiating elements
are etched on the top side of the upper substrate. An H-shaped defect is etched in the ground plane
for improving antennas operating parameters and the return loss characteristics. The proposed 2 x 1
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David fractal array antenna with DGS is excited using proximity fed coupling technique. In order to
obtain optimized antenna parameters, simulation studies are carried out using CST Microwave Studio.
Prototype of the proposed antenna was fabricated and tested in order to validate the simulated studies.
The proposed antenna shows triple band characteristics with enhanced operating parameters compared
to the reference antenna described in [43]. The operating frequencies of the antenna make it a suitable
device in many portable wireless communication devices.

2. EVOLUTION OF THE ANTENNA GEOMETRY

This section discusses various evolution stages involved in the development of proximity fed David
fractal 2 x 1 microstrip patch array antenna with DGS. The design process begins with a single band
hexagon-shaped microstrip patch antenna as shown in Figure 1(a). In order to modify it to behave
as a dual band antenna, first iteration level David fractal geometry has been embedded into the basic
hexagon shape, and modified antenna geometry is as shown in Figure 1(b). In order to achieve triple
band operation array concept was utilized as shown in Figure 1(c), by placing similar radiating elements
with spacing in between. To further enhance return loss characteristics at higher band and for effective
coupling of RF power from feed line to radiating patches, defects are etched in the ground plane. In
this case, an H-shaped defect is etched in the ground plane to enhance antenna operating parameters
by utilizing properties exhibited by defected ground plane.

(a) stage 1

(b) stage 2 (c) stage 3

Figure 1. Evolution stages of the proposed antenna.

2.1. Antenna Design Procedure

The equations for the hexagonal microstrip patch antenna can be obtained from the resonant frequency
equations of the circular microstrip patch antenna discussed in [43] by equating the respective areas as
shown in Figure 2. The fundamental resonance frequency of a circular patch antenna is given by

XomnC

fr=g "=

TQer/Er
where

fr = resonant frequency of the patch

Xpn = 1.8411 for the dominant mode TM 11

C = wvelocity of the light in free space

ey = relative permittivity of the substrate

a. = effective radius of the circular patch and given by

ae = a{l — 2h/mae, (Inma/2h + 1.7726)}°°
In the above equation, ‘a’ is the actual radius of the circular patch antenna, and h is the height of

the substrate. The above equations can be applied to design a hexagonal microstrip patch antenna by
relating the areas of the circular and hexagonal patches as shown in equation given below.

H az _ 3\/2382
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Figure 2. Formation of a hexagonal shape from a circle.

where ‘s’ is the side length of the hexagonal patch.

The David fractal pattern is formed from the basic hexagon-shaped patch or initiator as shown
in Figure 1(a), by dividing it into six smaller hexagons; six isosceles triangles and a David star at the
center, then the triangles and star are removed. The length of the base of the isosceles triangle is found
using Ly = L x 0.382%, where k = 1,2,3, ... depending on the level of iteration. For the first level of
iteration, the value of & is one, and for the second level of iteration the value of k is two. L is the length
of side of hexagon where isosceles triangle is removed. It results in the formation of the first level of
iteration as shown in Figure 1(b).

2.2. Antenna Configuration

Figure 3 presents the geometry of the proposed proximity fed David fractal 2 x 1 microstrip patch array
antenna with DGS. The David fractal 2 x 1 array antenna has been designed on an FR-4 substrate
with dielectric constant of 4.3, loss tangent of 0.001, and height of 1.6 mm. FR-4 is a grade designation
assigned to glass reinforced epoxy laminate sheets rods and printed circuit boards. FR-4 is a composite
material composed of woven fiberglass cloth with an epoxy resin binder that is flame resistant. It is
a popular and versatile high pressure thermoset plastic laminate grade with good strength to weight
ratios. With near zero water absorption, it is most commonly used as an electrical insulator possessing
considerable mechanical strength. These attributes along with good fabrication characteristics helped
in selecting this substrate for designing the proposed antenna. Figure 3(a) shows that the top view of
the proposed David fractal 2 x 1 array antenna is two fractal geometry embedded radiating elements
printed on the top side of upper substrate. The spacing between the nearest edges of the radiating
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Figure 3. Geometry of the proposed triple band David fractal 2 x 1 microstrip array antenna with
DGS, (a) top layer [radiating patches], (b) feed line and (c) bottom layer with defected ground structure.

elements is kept at \/12. These two radiating elements are excited using a microstrip line as shown in
Figure 3(b), which is printed on top side of the lower substrate. The back side of the lower substrate
has a metallic ground plane with an H-shaped slot as shown in Figure 3(c). The optimized dimensions
of the proposed antenna are given in Table 1.

Table 1. Optimised dimensions of the proposed fractal array antenna.

Ly 72mm | Wy | 96mm dls | 9.6 mm
d 14.6mm | Ly | 46.4mm | dw | 2.8mm
W | 47mm | dl; | 23.7mm | dw; | 3.0mm

Figure 4 illustrates the three-dimensional view of the proposed proximity fed David fractal 2 x 1
microstrip patch array antenna with defected ground structure. It consists of first iteration level David
fractal geometry embedded two radiating elements etched on the top side of the upper substrate. A
microstrip feed line with length Ly and width W} is etched on the top side of the bottom substrate
with ground plane on the other side of it. Side view of the proposed antenna is illustrated in Figure 5.
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Figure 4. Three dimensional view of the proposed proximity fed David fractal 2 x 1 patch array
antenna with DGS.

Dieletric Substrite 1

e Dieletric Substrite 2

Figure 5. Side view of the proposed proximity fed David fractal 2 x 1 patch array antenna with DGS.

3. RESULTS AND DISCUSSION

To verify the simulated results, prototype of the simulated antenna with optimized dimensions is
fabricated and tested. Figure 6 shows photographs of the fabricated proximity fed David fractal 2 x 1
microstrip patch array antenna with defected ground structure. The antenna is etched on an FR4
substrate having thickness of 1.6 mm, loss tangent of 0.001, and dielectric constant of 4.3. FR4 is used
because it is very cheap and has excellent mechanical properties. The fabricated microstrip patch array
is energized electromagnetically using a commercially available 50 Q2 SMA coaxial connector.

(a) (b)

Figure 6. Photograph of the fabricated proximity fed David fractal 2 x 1 patch array antenna with
DGS, (a) top view and (b) bottom view.

The measurements are carried out using Agilent E5063A ENA series RF network analyser, which
can be used for testing passive components like antennas up to 18 GHz. The calibration of the network
analyser is performed using short-open-load-through technique. After calibration, the fabricated
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prototype antenna is connected to the analyser, and reflection coefficients are obtained. A broad band
standard horn antenna operating between 1 GHz and 18 GHz frequencies is used for far field pattern
measurements. Both the antenna under test and standard horn antenna are placed inside a fully
calibrated anechoic chamber for radiation pattern measurements. The antenna under test or fabricated
antenna is placed on a turn table, and the attached motor is allowed to rotate the antenna with 50
steps in both principal planes. The chambers are designed to absorb the reflections of electromagnetic
radiations and to minimize interfering energy disturbances from external spurious sources.

Figure 7 illustrates the comparison between measured and simulated return loss variations with
frequency. The fabricated antenna shows triple band characteristics. The three operating bands
achieved in simulation are from 2.287 GHz to 2.512 GHz, with peak resonance at 2.449 GHz; 3.010 GHz
to 3.37 GHz with peak resonance at 3.325 GHz and from 3.5860 GHz to 3.6490 GHz with peak resonance
at 3.6160 GHz. However, measured frequency bands are 2.449 GHz to 2.752 GHz with peak resonance at
2.527 GHz; 3.280 GHz to 3.379 GHz with peak resonance at 3.329 GHz; and from 3.691 GHz to 3.793 GHz
with peak resonance of 3.742 GHz. The slight discrepancy between the simulated and measured results
is attributed to the changes in inductance because of fabrication imperfections and connector losses.
Table 2 shows the comparison between simulated and measured return loss parameters of the proposed
David fractal microstrip 2 x 1 patch array antenna with DGS.

In Figure 8, the comparison between simulated return loss characteristics of the proposed David
fractal 2 x 1 array antenna with and without H shaped DGS is depicted. It is observed that the working
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Figure 7. Simulated and measured return loss
characteristics of the proximity fed David fractal
2 x 1 patch array antenna with DGS.

Figure 8. Comparision between simulated Si1
characteritcis of the proposed array antenna with
and without DGS.

Table 2. Comparison between simulated and measured return loss parameters of the proposed antenna.

Parameters First Band Second Band Third Band
Operating Simulated 2.287-2.512 GHz | 3.010-3.370 GHz | 3.586-3.649 GHz
frequency ranges Measured 2.449-2.752 GHz | 3.280-3.379 GHz | 3.691-3.793 GHz
Simulated 2.449 GHz 3.325 GHz 3.616 GHz
Peak resonance
Measured 2.527 GHz 3.329 GHz 3.742 GHz
Bandwidth Simulated 225 MHz 69 MHz 63 MHz
Measured 303 MHz 99 MHz 102 MHz
Fractional Measured
11.97% 2.98% 2.74%
Bandwidth [Calculated| ’ ’ ’
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frequencies of the antenna with DGS are lower than that without DGS. This is because the slot etched in
the ground plane changes the current distribution and extends the current path effectively. On the other
hand, the S7; parameter increases in all three bands, which confirms the effect of DGS in enhancing

antenna performance.
To provide a better understanding of the triple band behaviour of the proposed David fractal
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Figure 9. Simulated surface current distribution of the proposed proximity fed David fractal 2 x 1
microstrip patch array antenna with DGS at (a) 2.449 GHz, (b) 3.325 GHz, and (c) 3.616 GHz.
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Figure 10. Measured and normalized radiation patterns of the proximity fed David fractal 2 x 1 array
antenna with DGS at (a) & (b) lower resonant frequency of 2.527 GHz, (c¢) & (d) at second resonant
frequency of 3.329 GHz and (e) & (f) at upper resonant frequency of 3.742 GHz [solid line represning
co-poar and dotted line reprensenting cross polar|. (a) E plane, (b) H plane, (¢) E plane, (d) H plane,
(e) E plane, (f) H plane.

2 x 1 microstrip patch array antenna, surface current densities at various resonances are simulated.
Figure 9 depicts the simulated surface current distributions of the proposed fractal array antenna at the
resonating frequencies of 2.449 GHz, 3.325 GHz, and 3.616 GHz. In the case of lower resonant frequency
as seen in Figure 9(a), strong surface current is equally distributed across both radiating patches. This
surface current distribution pattern results in the formation of the radiation pattern with beam maxima
towards bore sight direction. At the second resonant frequency of 3.325 GHz, it is observed that the
intensity of the surface current is more concentrated on the middle areas of the radiating patches as seen
in Figure 9(b). It is also observed that the current flows in the same direction, and this distribution
pattern confirms the radiation pattern with beam maxima towards bore sight direction. The surface
current distribution for the higher resonant frequency of 3.616 GHz is depicted in Figure 9(c). It is
noted that the surface currents are not uniformly distributed across radiating elements, and the surface
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currents are mainly concentrated on the edges of the radiating array elements. This current flow pattern
contributes to radiation patterns with dual maxima.

The measured radiation patterns of the proposed fractal array antenna in the E plane (y-z plane)
and H plane (z-z plane) are plotted at the resonant frequencies of 2.527 GHz, 3.329 GHz, and 3.742 GHz,
shown in Figure 10. The electromagnetic energy distributions of the array antenna in two principal
planes at the lower resonant frequency of 2.527 GHz are shown in Figure 10(a) and Figure 10(b). The
radiation patterns in this frequency at both the planes are in the bore sight direction. The patterns
are highly directional towards +Z (positive) direction, and low cross-polarization levels are observed
in both £ and H planes. The HPBW of the antenna is of the order of 108° in E plane and 115° in
H plane. The radiation patterns of the antenna at the second resonant frequency of 3.329 GHz are
depicted in Figure 10(c) and Figure 10(d). It is observed that significant back lobes are present in the
H plane. There are different proven techniques used to reduce the presence of back lobe, and a suitable
method will be utilized to reduce back lobe in future work. The HPBW of the antenna is of the order
of 87° in F plane and 69° in H plane. The radiation pattern of the antenna at the upper resonant
frequency of 3.742 GHz is shown in Figure 10(e) and Figure 10(f). The beam maxima of the antenna
radiation pattern are a few degrees away from bore sight direction on either side. This characteristic
will be found useful in non-line of slight applications. The HPBW of the antenna is of the order of 91°
in E plane and 59° in H plane. It is also observed that significant back lobes are present in H plane.
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Figure 11. Measured gain with frequency of the proposed proximity fed David fractal 2 x 1 microstrip
patch array antenna with DGS at (a) first band, (b) second band and (c) third band.
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Table 3. Extracted parameters of the proposed David fractal 2 x 1 array antenna with DGS.

Parameters

Frequency at
2.449 GHz

Frequency at
3.325 GHz

Frequency at
3.616 GHz

Values

Values

Values

101

0.00184325J/m3 | 0.00179349 J/m? | 0.00172835 J /m?
0.0023504 J/m® | 0.0023169J/m® | 0.0022958J/m3

Electric energy density

Magnetic energy density

H field peak in x direction | 45.1637 A/m 43.8536 A/m 43.1638 A/m
H field peak in y direction 21.723 A/m 21.183A/m 20.957A/m
H field peak in z direction | 78.8206 A/m 78.1739 A/m 77.6951 A/m
E field peak in x direction 5548.48 V/m 5537.28 V/m 5521.93V/m
E field peak in y direction 9706.13V/m 9693.37V/m 9681.64 V/m
E field peak in z direction 9164.13V/m 9161.37V/m 9157.28 V/m

The measured gain of the proposed proximity coupled David fractal 2 x 1 microstrip patch array
antenna is 8.21 dBi, 6.14dBi, and 5.11 dBi respectively at first, second, and third resonant frequencies.
Figure 11 depicts measured gain variations across the operating frequency bands. The operating bands
of the antenna make it suitable for Bluetooth, Wi-Max, and Wi-Fi applications. Table 3 shows extracted
parameters of the proposed triple band antenna at three different resonant frequencies.

4. CONCLUSION

This paper has proposed a triple band 2 x 1 microstrip patch array antenna suitable for wireless
communication applications. It is designed and constructed based on the concept of a first iteration
level David fractal geometry and defected ground structure. The radiating array elements are excited by
electromagnetically coupling from the microstrip feedline which is printed on the top side of the bottom
substrate. Compared with reference antenna, the developed array antenna has better bandwidth and
operates at higher number of bands. The proposed antenna is suitable for Wi-Fi, Bluetooth, WLAN,
and Wi-MAX communication standards. The antenna is printed on a low cost FR-4 substrate, and
the total thickness of the antenna is at 3.2 mm. Good matching between the measured and simulated
results is achieved.
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