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Cantor-Square Fractal Reconfigurable Circular Patch Antenna with
Low Cross-Polarization for X Band Applications

Iqra Masroor”, Shadman Aslam, Jamshed A. Ansari, and Amrees Pandey

Abstract—This work proposes a novel probe-fed circular patch antenna which has been fractaled
and reconfigured to deliver enhanced performance. The circular ground plane is made defected using
Cantor-square fractal geometry which reduces the cross-polarization level by about 12 dB. Further, by
appropriate positioning of a PIN diode switch in the ground slot, the fractal Circular Microstrip Patch
Antenna (CMPA) is enabled to achieve frequency reconfiguration. A prototype of the proposed antenna
is fabricated and tested for the assessment of various parameters. The proposed fractal reconfigurable
antenna has a peak gain well above 6 dB, high radiation efficiency, and a maximum bandwidth of about
700 MHz in the X-band (8-12 GHz). The present work aims to focus on the huge potential of fractal
reconfigurable antennas in modern dynamic wireless communication systems.

1. INTRODUCTION

Since their development in the 1970s, microstrip patch antennas continue to govern the vast field
of microwave antennas because of their numerous advantages and diversified applications [1]. Low
fabrication cost, low volume, ease-of-integration, light weight and thin profile configurations are some
of the abundant features that have made them superior to conventional microwave antennas [2]. Their
success has led to increasing researches aimed at overcoming the existing limitations such as narrow
bandwidth, low gain, high cross-polarization level, and up gradation of the performance parameters. The
constant thrust for advancement of microstrip patch antennas has led to novel aspects of fractalization
and antenna reconfiguration being implemented in their basic configuration.

Size-reduction to achieve antenna miniaturization, broadband response, and multiband operations
can be achieved if fractal geometries are incorporated [3,4]. The use of Koch-shaped fractal defects on
the antenna patch shows a significant antenna size-reduction of about 85% in [5]. Of the many fractal
geometries such as Sierpinski, Koch, Hilbert, and Minkowski, Cantor fractals are widely used owing
to their simplicity and ease of construction. In [6], a patch slot in the shape of Cantor-square fractal
geometry is exploited to obtain dual-band operation. An interesting approach combining Koch and
Sierpinski fractals to reduce the patch antenna size by lowering the resonant frequency has been utilized
in [7]. In [8], the introduction of a fractal-slot in a notch-loaded patch results in the improvement of
return loss and bandwidth, leading to reduction in the side lobe level as well.

The redistribution of antenna properties resulting in reconfiguration allows changing antenna’s
functionalities and is broadly used nowadays to cope with the rapidly evolving wireless technology
under dynamic operating conditions. A reconfigurable antenna can be enabled to achieve frequency
reconfiguration, polarization reconfiguration, radiation pattern reconfiguration, or a merge of them
known as compound reconfiguration. The reconfiguration property and the technique being used
for reconfiguration must be ascertained at the very start of the design process [9]. The insertion of
three PIN diode switches in a patch antenna has resulted in obtaining eight 4G LTE frequency bands
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in [10]. The loading of RF PIN diode switches on the radiating patch/ground for obtaining frequency
reconfigurability has recently been explored in a number of researches [11,12]. Another technique to
achieve frequency reconfigurability by using a variable chip capacitor is presented in [13]. The merge
of fractal shapes and reconfiguration in antennas is rapidly gaining the attention of researchers owing
to its huge potential applications. This can be observed in [14,15] wherein fractal Hilbert antennas
are proposed exhibiting reconfigurable behavior. Another appealing design of a pattern reconfigurable
antenna is described by using dual feed ports [16]. Compound reconfigurability including frequency and
radiation pattern reconfiguration can also be achieved by positioning PIN diodes at appropriate places
in the slot antenna [17].

Circular microstrip patch antennas are extensively designed because of their simplicity, low
manufacturing costs, and conformable structure. In [18], a probe-fed circular patch antenna is proposed
for X-band (8-12 GHz) applications. One of the most undesirable features in microstrip antennas is
cross polarization which is orthogonal to the desired polarization. Higher cross-polarization is a critical
limitation that can often lead to cross-talk in communication systems [19]. A novel aspect to reduce
cross polarization using differential feeding in patch antenna array has been presented in [20]. Extensive
work has been done to mitigate the problem of high cross-polarization in patch antennas [21, 22]. Fractal
Reconfigurable Antennas (FRAs) combine the characteristics of fractal geometries with electronic
reconfiguration for providing enhanced antenna performance and can be utilized for multiple and
advanced applications [23,24]. In [25], controlling the capacitance value of a single varactor diode
provides about ten different resonating frequencies to a rhombus-shaped fractal microstrip antenna.

Although several FRAs have been proposed in recent literatures, cross-polarization reduction is
an important aspect that needs to be dealt with while designing FRAs such that they overcome
the existing limitations of patch antennas besides providing enhanced performance. Reconfigurable
radiation patterns along with cross-polarization suppression has been achieved in a high gain circular
patch antenna by the appropriate loading of slots in [26]. This communication proposes a novel fractal
reconfigurable probe-fed circular patch antenna targeted for X-band applications that aims to reduce
the cross-polarization level as well. In Section 2, the development and design of the proposed antenna is
discussed, followed by Section 3 presenting the simulated and measured results as well as a comparative
analysis of the proposed work with previous literatures. In Section 4, the resulting conclusion is given.

2. PROPOSED ANTENNA DESIGN

2.1. Antenna Configuration and Theoretical Considerations

The fundamental configuration of MPA consists of a dielectric substrate with a metallic radiating patch
as one surface and a ground plane as the other [1]. MPAs can have patches of different shapes such as
rectangle, square, circle, and triangle, depending on the design requirements. In this work, a Circular
Microstrip Patch Antenna (CMPA) is designed with successive modifications to its basic configuration
for performance improvement. The desired frequency band is X-band (8-12 GHz). Therefore, the center
frequency (f,) chosen for the design is 10 GHz. For the dominant TM;19 mode, the actual radius (R,)
of the patch for substrate thickness, h, and dielectric constant, €,, are obtained using [27]:

f

2h f 1/2
{1 + . [ln (Qh) + 1.7726] }

(8.791 x 10?) @)
(frv/Er)

Rogers RT/duroid 5880 is used as the substrate material with relative permittivity: e, = 2.2,
dielectric loss tangent: ¢ = 0.0009, and thickness: h = 1.57mm. Using Equations (1) and (2),
R, = 5.25mm. The radius of the ground plane (R,) is optimized using parametric analysis such that
R, =2 x R, = 10.5mm. A circular ground plane was chosen to make the design compact and exhibit

rotational symmetry. A rectangular ground plane intended for the same 10 GHz resonant frequency, with
the same substrate thickness (1.57 mm) and dielectric constant (2.2), would have an area about 18 mm

(1)

R, =

where,

=
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(a) Circular Microstrip Patch (b) CMPA with plain ground
Antenna (CMPA)

Figure 1. (a) Circular Microstrip Patch Antenna (CMPA), (b) CMPA with plain ground.

x 21 mm = 378 mm? (Length and width of the ground plane can be evaluated using design equations for
the rectangular microstrip patch antenna [1]). The proposed circular ground plane, on the other hand,
has a reduced area about: 7w X Rg =7 x 10.5? = 346.18 mm?. Figure 1 illustrates the design schematic
of the conventional Circular Microstrip Patch Antenna (CMPA). 50 ohm co-axial probe feed has been
utilized to deliver power to the circular metallic patch with the feed-location at (zf, yy) to attain proper
impedance matching. Probe-feed technique was chosen because one of the principle advantages of this
feeding mechanism is that the feed-point can be positioned at any desired location inside the patch
so as to achieve impedance matching. Also, the probe-feed technique provides low spurious radiation
as compared to other feeding techniques. Determination of the feed-point location and the effect that
its displacement causes on the antenna performance is one of the principal requirements while circular
patch antennas are designed[18].

2.2. The Cantor-Square Fractal

Mathematician Benoit Mandelbrot coined the term “fractal” in 1975. Fractal geometries are similar
patterns at varying scales having properties of self-similarity and space-filling. For fractal geometry,
the fractal dimension provides a ratio to depict how the fractal pattern is scaled termed as Hausdorff
dimension (H). The Hausdorff dimension is usually an integer for simple shapes, but for less simple
fractal geometries, it can have non-integer values as well. One way to calculate it is by using the
scaling factor (F') and the number of self-similar shapes (S) in the fractal geometry after the first
iteration [28,29]:

log S
H =
log F (3)

A base-motif fractal is the one in which a motif is repeated on a base in every iteration. Cantor
square is one such fractal which is constructed as a two-dimensional geometry starting from a square.
In every iteration, the square is divided into three horizontal and vertical stripes, in which the middle
horizontal and vertical stripes are removed, as shown in Figure 2(a). In this work, the ground plane
is fractaled with Cantor square geometry up to two iterations for reducing the cross-polarization level.
CMPA with fractal ground is as shown in Figure 2(b). After the first iteration, it can be observed that
the scaling factor (F') is 3, and the number of self-similar shapes (S) is 4. Therefore, its Hausdorff
dimension is evaluated as:

logS log4
“logF  log3

= 1.2618 (4)

2.3. Reconfiguration and Proposed Antenna Design

For obtaining reconfiguration in the fractal ground CMPA, a rectangular slot having dimensions S x So
at a distance of 3mm from x; and 3.2mm from y; is etched on the ground plane. Table 1 depicts
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Figure 2. Cantor-square fractal up to 2 iterations, (a) Cantor geometry, (b) CMPA with fractal ground.

Table 1. Dimensions of the proposed antenna.

S. No. | Dimensions Description Value (mm)
1. R, Patch radius 5.25
2. R, Ground radius 10.5
3. Dy Initiator fractal dimension 13.5

First iteration fractal
4 D: dimension (D = D, /3) 15
Second iteration fractal
g Ds dimension (D3 = Dy/3 = D1/9) L5
6. S1 Ground slot length 6
7. S5 Ground slot width 1.5
8. l Diode length 1.5
9. w Diode width 0.9
10. (xf, yg) Probe-feed location (0, 1.7)

the dimensions of the proposed antenna. The final schematic of the proposed CMPA is as shown in
Figure 3(a). The top view depicts the circular patch with the feed-point location (z¢, yy), and the
bottom-view shows how the PIN diode is positioned in the rectangular slot etched on the circular
fractal ground plane.

On the slot etched, a PIN diode, having dimensions [ X w, is positioned exactly in the middle of the
slot, as shown in Figure 3(b). Using the supply voltage, it is made to switch between forward bias (ON)
and reverse bias (OFF) states. In the forward bias state, when the diode is conducting, it is assumed
to behave as a series combination of resistance (R,,) and inductance (L). In the reverse bias state,
when the diode is non-conducting, it is assumed to behave as a parallel combination of resistance (R, )
and capacitance (C'), with the inductance (L) in series. The PIN diode dimensions used for modeling
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Figure 3. (a) Design of proposed fractal reconfigurable CMPA | (b) placement of PIN diode (zoom-out

view of ground plane).

have been obtained from the technical datasheet of Skyworks SMP1340 series, surface-mountable, low-

capacitance PIN Diodes [30].

The RLC equivalent circuit of the diode and its HF'SS model are as shown in Figure 4. The model
values for PIN diode used in the simulation are as depicted in Table 2. The test conditions include a
reverse voltage of 50V which allows a reverse current of 10 uA and a forward voltage of 0.85V which
allows a forward current of 10 mA. This causes the OFF-state resistance to be 0.85€2 so as to allow
current flow through the diode and the ON-state resistance to be 5 Mf2 so as to block the flow of current.
Typically, the value of L is 0.7 nH, and that of C is 0.21 pF.

Table 2. Model values used for PIN diode simulation.

S. No. | Parameter Description Value
1. L Series inductance 0.7nH
2. R, ON-state resistance 0.85Q
3. Rog OFF-state resistance 5MSQ
4 C OFF-state capacitance | 0.21 pF
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Figure 4. (a) RLC equivalent circuit of PIN diode, (b) PIN diode model.

2.4. Parametric Study

Parametric analysis in terms of the patch radius (R,) and feed point location (z¢, yy) is as depicted in
Figure 5. It is observed that the resonant frequency decreases with increase in the patch radius (R,).
Decreasing the patch radius below 5.25 mm causes a decrease in the S7; parameter. It is observed to
be most negative at R, = 5.25 mm, as shown in Figure 5(a). The design is modeled symmetrically on
electromagnetic simulation tool HF'SS such that the center-point of the circular patch antenna is at
coordinates: (x,y) = (0,0). Keeping the z-coordinate, s at 0, the y-coordinate, y, has been varied in
order to find out the optimum feed-point location where proper impedance matching is obtained. From
Figure 5(b), the variation of Si; parameter with y; shows that at yy = 1.7mm, it is most negative.
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Figure 5. Variation of S1; parameter with (a) patch radius (Rp), (b) feed-point (yy). Variation of Sy
parameter with Patch radius (Rp). (b) Variation of Si; parameter with feed-point (yy).

3. RESULTS AND DISCUSSION

Finite element method solver Ansys HFSS software has been utilized for modeling and simulation of the
proposed antenna. In this section, the simulated and measured results have been investigated, presented,
and discussed. A prototype of the proposed antenna has been fabricated and tested using Agilent
N5247A: A.09.90.02 Microwave Network Analyzer. For gain and radiation pattern measurements, an
anechoic chamber has been used. The distance between the transmitter and receiver is kept to 1.5m
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Figure 6. Photographs of the fabricated prototype.

with a transmitted power about 13 ~ 15dBm. Photographs of the fabricated prototype, demonstrating
the small size and conformable shape of the proposed design, are as shown in Figure 6.

3.1. Cross-Polarization Reduction

The initially designed CMPA having a plain ground is observed to exhibit a cross-polarization of
—59.91dB at the resonant frequency 10.2 GHz. The reflection coefficient at the resonating frequency is
about —31.47dB. After the first fractal iteration, the cross-polarization level is at —59.31 dB. Cantor-
dust fractalization on the ground plane up to the second iteration reduces the cross-polarization level
by about 12dB to —72.51dB, at the same resonant frequency. Henceforth, the impact of making the
plain ground fractal is that a considerable reduction in E-plane cross-polarization level is obtained. In
the case of plain ground, the cross-polarization level is observed to be about —59.91 dB while in the case
of fractaled ground, it is reduced to —72.51dB. The reflection coefficient, bandwidth, and peak gain
at the resonant frequency remain unchanged for plain and fractal grounds, as shown in Figure 7. The

s W I/_5g_31 dB

-60

o
T -0
= P
g g
O .5 3
] -20 4| —=—S11, initial : ; | | -72.51 dB
2] 1| —e—S11, 1stiteration i
-25 | ——S11, 2nd iteration ' !
. P i Hi L
% 1 ga!n, |1n|:|_atl . : % [=%= Initial, plain ground
304 Ga!n, zsd'_fra 't_°" -~ 1stiteration, fractal ground
1 - ain, 2nd lteration : --#- 2nd iteration, fractal ground
-35 T T T T T -100 T T T T T
8 9 10 1 12 8 9 10 1 12
Freq(GHz) Freq(GHz)

Figure 7. Si; and gain of CMPA for plain and  Figure 8. Simulated F-plane cross-polarization
fractal grounds. levels for plain ground and fractal ground CMPA.
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E-plane cross-polarization for the initial plain ground CMPA, first iteration fractal ground CMPA, and
second iteration fractal ground CMPA are compared, as illustrated in Figure 8. Further, the addition of
reconfiguration using PIN diode to the second iteration fractal ground CMPA has caused the proposed
antenna to exhibit frequency switchability in the X band, as discussed under Section 3.2.

3.2. Simulated and Measured Results

Measurement setup of the proposed CMPA using Vector Network Analyzer (VNA) is as demonstrated
in Figure 9. The simulated and measured S1; parameters of proposed CMPA for ON and OFF diode
states are as shown in Figure 10. Two operating bands are obtained in the OFF state of the diode with
—10dB simulated impedance bandwidth of 70 MHz for 9.66 GHz resonant frequency and 600 MHz for
10.22 GHz resonant frequency. A single operating band is obtained in the ON state of the diode with
—10dB simulated impedance bandwidth of 700 MHz for 10.16 GHz resonant frequency. The simulated
values obtained for S1; parameter, VSWR, and impedance bandwidth of the proposed antenna are as
depicted in Table 3.

Figure 9. Measurement setup of proposed CMPA with Vector Network Analyzer.

Table 3. Simulated S11, VSWR and impedance bandwidth of proposed CMPA.

Resonant Frequency (GHz) | S11 (dB) | VSWR | Impedance Bandwidth (MHz)
. 9.66 1322 | 155 70 (9.62 GHz 9.69 GHz)
Diode OFF
fode O 10.22 —2949 | 1.06 | 600 (9.95GHz 10.55 GHz)
Diode ON 10.16 —39.59 1.02 700 (9.83 GHz-10.53 GHz)

The gain of proposed CMPA for diode OFF state is observed to be 6.35dB at 9.66 GHz resonant
frequency and 6.70dB at 10.22 GHz resonant frequency on simulation. For diode ON state, it is
observed to be 6.68dB at 10.16 GHz resonant frequency in simulation. The anechoic chamber setup
for measurement of far-field radiation characteristics is as illustrated in Figure 11, and the plot of
measured peak gain in dBi as a function of frequency is as illustrated in Figure 12. The lower the cross-
polarization level is, the lesser the chances of cross-talk are, and the better the antenna performance
is. The cross polarization is significantly reduced in the proposed CMPA. The plot of simulated E-
plane cross-polarization level of the proposed CMPA for diode OFF and ON states is as shown in
Figure 13. Table 4 depicts the simulated values of gain, cross-polarization level, and radiation efficiency
for various diode states. The simulated and measured E-plane and H-plane radiation patterns of the
proposed CMPA, for 9.7 GHz and 10.2 GHz, are also illustrated in Figure 14. The radiation patterns
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Figure 10. Si; of proposed CMPA for diode OFF/ON states.

Figure 11. Proposed CMPA in anechoic chamber setup.

are observed to be close to omnidirectional. The reasons for radiation pattern deformation are actually
the radiation and reflection losses from the antenna. The proposed CMPA exhibits a high radiation
efficiency for both the ON and OFF states of the diode, as illustrated in Figure 15. Discrepancies
between simulated and measured results exists due to several factors such as SMA connector, soldering
effect, electrical sensitivity of the PIN diode to biasing, and other human errors in fabrication and
measurement. Simulated and measured results differ largely due to manufacturing tolerances with
respect to the circular cutting of substrate, differences between the ideal and practical behavior of PIN
diode, as well as the effect of parasitic elements.

The magnitude of surface current density, J, on the patch is about 21 A/m in the OFF state of

Table 4. Gain, cross-polarization level and radiation efficiency of proposed CMPA.

Resonant Frequency (GHz) | Gain (dB) | Cross polarization (dB) | Radiation efficiency (%)
9.66 6.35 —63.29 98.95
10.22 6.70 —85.75 99.23
Diode ON 10.16 6.68 —67.16 99.30

Diode OFF
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Figure 16. Current density (J) on the patch at (a) 9.66 GHz, D OFF, (b) 10.22 GHz, D OFF and (c)
10.16 GHz, D ON.

the diode and about 16 A/m in the ON state of the diode, as shown in Figure 16. It is observed that
the magnitude of current density increases from the centre to the patch periphery along the (vertical)
z-axis and decreases from the centre to the patch periphery along the (horizontal) y-axis.

3.3. Comparative Report

A comparative analysis of the proposed work with some existing works [19-22] based on the technique
used for cross-polarization reduction is as reported in Table 5. The proposed design not only is
reconfigurable but also has a reduced cross polarization level by incorporating a simple technique of
fractal ground.
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Table 5. Comparative analysis of proposed work with existing works.

References Technique used for cross-polarization reduction | Cross polarization level (dB)
[19] Shorted Defected Patch Structure (DPS) -30
[20] Differential feed < —45
[21] Differential feed —32
[22] 180 deg Broadband microstrip balun < —-20
Proposed work Fractal ground < —63

4. CONCLUSION

In this work, the use of fractalization to obtain cross-polarization reduction has been explored,
and the introduction of reconfiguration to the basic antenna configuration has also been presented.
The conventional CMPA being transformed to a fractal reconfigurable CMPA has a reduced cross-
polarization level and possesses frequency switchability in the X-band. The technique employed for
achieving low cross polarization is also simpler than other techniques such as shorted patch, differential
feed, or use of microstrip balun. The proposed antenna can be exploited for radar applications, terrestrial
and space communications and networking. The intended application at 10 GHz frequency is for X-
band radar and satellite communications as well as wireless computer networks. In fact, for terrestrial
communications and networking, the X-band 10.15 to 10.7 GHz segment is also utilized in many
countries. This communication aims to emphasize the significance of fractalization and reconfiguration
in microstrip patch antenna to cater to the needs of dynamic wireless systems and its huge potential
for current and future wireless communication applications.
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