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Reactive impedance surface-based
broadband circularly polarized Koch fractal
boundary microstrip antenna

v. v. reddy and n.v.s.n. sarma

A circularly polarized (CP) broadband antenna is proposed for wireless applications in the range of 2–3 GHz frequency.
It consists of asymmetrical Koch fractal boundary patch over a reactive impedance surface (RIS) substrate. The simulations
of single-layer Koch fractal antenna, dual layer with square and fractal RIS elements are carried out in a systematic way for
broadband CP radiation and corresponding results are presented. For better CP characteristics, properties of fractal curves
and dimensions of RIS elements are optimized. The antenna with fractal RIS iteration order one (iteration1) is experimentally
studied. The 10-dB return loss bandwidth is 50.35%, whereas 3-dB axial ratio bandwidth is 7.45%, which indicate that by
applying fractals concept to RIS technique, with a single probe feed, broadband CP radiation can be obtained.
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I . I N T R O D U C T I O N

Printed microstrip antennas are very well known in the field of
microwave technology. Owing to the ease of fabrication, low
cost, and wide choice of designs, microstrip technologies for
antennas continue to be a field of active research. To make
the data transmission independent of orientation of the trans-
mitting and receiving antennas for wireless communications,
circularly polarized (CP) antennas are preferred. Based on the
slits [1–5], stubs, and slot-loaded [6, 7] techniques, several
single-feed asymmetrical structures are suggested for CP oper-
ation. However, the reported 3-dB axial ratio (AR) bandwidth
of all these approaches is very narrow (,1%). Wide AR band-
width is possible using the complex feeding mechanisms such
as aperture [8, 9] and proximity-coupled [10] techniques.
However, broadband CP antennas with a simple probe feed
have not been adequately reported in open literature.

Over the past decade, metamaterial-based antennas have
been extensively explored to improve the radiation character-
istics. Design of antenna elements with high front-to-back
ratio can be achieved through metal-backed perfect electric
conductor (PEC) or high dielectric constant super substrates
[11]. However, most of the electromagnetic (EM) energy is
trapped between the metallic patch and the ground plane.
This leads to the narrow bandwidth operation and low effi-
ciency. To overcome this problem, high impedance or artifi-
cial perfectly magnetic conductor (PMC) surfaces are
developed. The PMC substrates are usually constructed

from resonance structures. So PMC surface absorbs most
of near-field EM energy, which results in low antenna effi-
ciency. To overcome the problems faced by high dielectric
and PMC surfaces, artificial reactive impedance surface
(RIS) technique has been evolved. An RIS reduces the
mutual coupling between the radiating patch and ground
plane and provides broadband operation than PEC and
PMC surfaces. Antenna miniaturization and bandwidth
enhancement using RIS for planar antennas is first intro-
duced by Mosallaei and Sarabandi [12]. Design of compact
broadband Ultra High Frequency patch antenna on an
RIS is also proposed by Buerkle and Sarabandi [13].
Implementation of slot-loaded patch over RIS aiming broad-
band CP operation is suggested by Bernard et al. [14]. The
asymmetric, symmetric slotted and slit microstrip patch
antennas over RIS for CP bandwidth enhancement are pub-
lished by Agarwal and Nasimuddin [15]. However, imple-
mentation of fractal structure over RIS has not been
attempted so far. In the present work, both fractal and RIS
concepts are combined to generate CP radiation over a
broadband with a simple coaxial probe feed.

Fractals concept has been applied for the microstrip anten-
nas for broadband and multiband applications [16]. Fractal
geometries can best be described and generated using an itera-
tive process that leads to self-similar and self-affine structures
[17]. In this paper, boundary fractals are applied to the edges
of a square patch and the corresponding structures are imple-
mented over RIS for broadband CP radiation. The proposed
antennas are compact with the use of fractal curves as bound-
aries. Investigations on the simple Koch structure, RIS with
square elements and fractal elements are carried out in a sys-
tematic way for compact and broadband CP radiation. The
10-dB return loss bandwidth for the proposed antennas
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covers the frequency bands of UMTS, LTE2300, WLAN,
Bluetooth, Wi-Fi, and Wi-Max applications.

I I . P R O P O S E D A N T E N N A D E S I G N

The generation process of the Koch fractal curve for different
iteration order (IO) is shown in Fig. 1, where u is the inden-
tation angle. End-to-end length of all the patches is considered
as 36 mm, so that antennas resonate in 2–3 GHz frequency
and are useful for ISM band wireless applications. Side and
top views of antenna geometry are shown in Fig. 2.

The design procedure of the proposed structures is given
below in three steps:

(1) Initially single-layer asymmetrical fractal boundary
antennas are designed to generate two orthogonal
modes of same amplitude and 908 out of phase for CP
operation [18]. This can be achieved by replacing sides
of the square patch with two asymmetrical fractal curves
along the two orthogonal axes. Asymmetry in the fractal
curves can be obtained by changing the indentation
angles u along the x- and y-axes. Here IO one and two
Koch fractal boundary antennas are studied. All structures
are placed on a metal backed Rogers 5880 substrate of
thickness 3.2 mm.

(2) RIS elements are optimized.
(3) Single-layer fractal antennas are implemented over an RIS

substrate with 5 × 5 square and fractal RIS elements.

I I I . S I M U L A T I O N R E S U L T S

The proposed antenna consists of an Koch IO1/IO2 patch
radiator printed on top of a dual layer (FR4 and Rogers
5880, tan d ¼ 0.02) substrates with thicknesses of h1 ¼

1.6 mm and h2 ¼ 3.2 mm, in which the ground plane lies at
the bottom of the structure and RIS is printed at the interface
between two dielectric layers. This RIS layer comprises an
array of 5 × 5 square metallic unit-cell patches printed peri-
odically along the x- and y-axes. The feed arrangement is by
a coaxial probe along the diagonal axis. A circular region of
1.6 mm radius is removed from RIS layer, so that probe

Fig. 1. Generation process of the Koch fractal curve.

Fig. 2. Side and top views of the proposed antenna.
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does not come in contact with the metal RIS units. The dimen-
sions of all the proposed antennas are listed in Table 1. The
HFSS tool is used to design and optimize parameters of
Koch curve for better CP. In this tool using the optimetrics
analysis setup, feeding point is optimized. The optimetrics
analysis setup aids to identify the optimum feeding point by
indicating the 3-dB CP bandwidth and gain at various loca-
tions in a neighborhood. The feed location along the diagonal
axis, at which the maximum 3-dB CP bandwidth and gain
above 4-dBi obtained is considered as the optimized feeding
point.

A) Single-layer fractal patch
Initially the square patch with side length 36 mm is considered
for linear polarization. In the design of CP antenna, the inden-
tation angles of fractal curve along the x- and y-directions are

altered as shown in Fig. 3, i.e. the electrical length along the
two perpendicular directions of the patch are different. This
slight difference in indentation angles as given in Table 1
along the x- and y-axes, generates two orthogonal modes.
The two degenerate orthogonal modes TM01 and TM10 are
also formed due to feeding the patch antenna along the diag-
onal axis at a precise matching position. The simulated return
loss curves of the single-layer antennas are portrayed in Fig. 4.
It is observed that with the increase of indentation angles and
IO of the fractal curve, frequency band moves left, which is
due to the increment of electrical length of the patch.

B) Optimization of RIS elements
Initially the square RIS IO1 koch1 antenna is examined over
different RIS layers. By keeping the FR-4 of thickness
1.6 mm as bottom layer and RT/Duroid 5880 of thickness

Table 1. Parameters of simulated antennas.

IO Iteration Antenna geometry Antenna representation Dimensions (mm) u along the x- and y-axes
L1 5 36, L2 5 44, L3 5 46
a1 5 8, a2 5 9

0 0 Square Square h1 ¼ 0, h2 ¼ 3.2 –
Square patch with square RIS

elements
Square RIS square patch h1 ¼ 1.6, h2 ¼ 3.2 –

1 1 Koch IO1 koch1 h1 ¼ 0, h2 ¼ 3.2 208, 458
Koch with square RIS Square RIS IO1 koch1 h1 ¼ 1.6, h2 ¼ 3.2
Koch with fractal RIS Fractal RIS IO1 koch1 h1 ¼ 1.6, h2 ¼ 3.2

2 Koch IO1 koch2 h1 ¼ 0, h2 ¼ 3.2 358, 558
Koch with square RIS Square RIS IO1 koch2 h1 ¼ 1.6, h2 ¼ 3.2
Koch with fractal RIS Fractal RIS IO1 koch2 h1 ¼ 1.6, h2 ¼ 3.2

2 – Koch IO2 koch1 h1 ¼ 0, h2 ¼ 3.2 u1x2208, u2x2458, u1y2458, u2y2508
Koch with fractal RIS Fractal RIS IO2 koch1 h1 ¼ 1.6, h2 ¼ 3.2

Fig. 3. Single-layer fractal boundary antennas geometries: (a) square patch, (b) IO1 koch1, (c) IO1 koch2, and (d) IO2 koch1.

Fig. 4. Simulated return loss curves of single-layer fractal boundary antennas.

Fig. 5. VSWR plots of square RIS IO1 koch1 antenna for 4 × 4, 5 × 5, and
6 × 6 RIS elements.
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3.2 mm as top layer, simulations are repeated for 4 × 4, 5 × 5,
and 6 × 6 RIS elements. The generated 5-dB VSWR band-
widths are 69, 81, and 51 MHz for 4 × 4, 5 × 5, and 6 × 6
RIS elements. Because of this slightly higher bandwidth, 5 ×
5 RIS elements structure is considered for further simulations.
The VSWR plots for various cases are pictured in Fig. 5.

C) Dual-layer fractal antennas with square RIS
elements
In order to enhance the 3-dB CP bandwidth of single-layer
Koch structures, an RIS method is employed. The PEC
ground plane of RIS surface after a thickness exhibits induct-
ive nature and which comes in parallel combination with cap-
acitance created by the RIS patches on the substrate, thus
forming the LC parallel circuit. Here square elements of size

Fig. 6. Dual-layer fractal boundary antennas with square RIS elements: (a) top view of metal patched 5 × 5 array forming RIS, (b) square RIS square patch, (c)
square RIS IO1 koch1, and (d) square RIS IO1 koch2.

Fig. 7. Simulated return loss curves of dual-layer square RIS elements
antennas.

Table 2. The summarized simulation results of the proposed antennas.

IO Iteration Antenna geometry 10-dB Return loss 3-dB AR

Frequency range (GHz) Bandwidth (%) Frequency range (GHz) Bandwidth (%)

0 0 Square patch 2.48–2.63 5.8 – –
Square RIS square patch 2–2.5 22 – –

1 1 Koch 2.36–2.64 11.2 2.40–2.475 2.78
Koch with square RIS elements 2.02–3.24 38.78 2.17–2.3 5.81
Koch with fractal RIS elements 2.04–3.27 46.32 2.27–2.45 7.62

2 Koch 2.31–2.6 11.81 2.39–2.45 2.47
Koch with square RIS elements 1.98–3.03 41.91 2.31–2.42 4.65
Koch with fractal RIS elements 2–3.07 42.2 2.2–2.32 5.3

2 – Koch 2.3–2.59 11.86 2.31–2.36 2.14
Koch with fractal RIS elements 1.92–2.87 39.66 2.14–2.26 5.45

Fig. 8. Koch fractal boundary antennas over RIS with optimized fractal elements: (a) metal-backed RIS with 5 × 5 fractal elements, (b) fractal RIS IO1 koch1, (c)
fractal RIS IO1 koch2, and (d) fractal RIS IO2 koch1.
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8 × 8 mm are considered as RIS elements. The RIS is an engi-
neered meta-substrate that allows miniaturization, while redu-
cing coupling between the antenna and its ground plane.
Therefore, an antenna printed on an RIS is capable of provid-
ing a broadband response, while maintaining compact size

and high radiation efficiency. The PEC ground plane of single-
layer antennas is replaced with the 5 × 5 square elements of
RIS substrates as shown in Fig. 6, to generate higher band-
width. The return loss curve with two orthogonal modes for
CP radiation similar to Fig. 4 is generated from single-layer
fractal antennas get stretched when the RIS method is
applied. A circular hole is made for probe feeding.
Simulated return loss curves of dual-layer square RIS elements
antennas are pictured in Fig. 7. It is observed from summar-
ized Table 2 that RIS antennas with fractal patch generates
higher bandwidth than the RIS antenna with square patch.

D) Dual-layer fractal antennas with fractal RIS
elements
As mentioned in the previous section RIS is more like an LC
resonant circuit. So by changing the thickness of the RIS sub-
strate and optimizing the elements of the patch array, radiation
properties of the antenna can be improved. An RIS is a printed
capacitive layer separated from a metallic ground plane by a
dielectric substrate layer. The resonant frequency of the
surface depends on the value of the capacitive elements, the dis-
tance between the capacitive layer and the metallic surface, and
the permittivity of the dielectric layer. To enhance the perform-
ance of the CP radiation over a broadband, square RIS elements
are replaced with optimized fractal elements as shown in Fig. 8
and corresponding return loss curves are given in Fig. 9.

E) AR plots
It is observed from the simulated AR as shown in Fig. 10, that
the IO1 iteration 1 antenna produces best AR of nearly 0 dB at
center frequency of 2.45 GHz and optimized fractal RIS gen-
erates more 3-dB AR bandwidth than others by compromis-
ing the best AR value at the center frequency to 1.4 dB. For
the best operation of CP radiation 3-dB AR values are consid-
ered within the 10-dB return loss bandwidth range. The 3-dB
AR bandwidth of fractal RIS IO1 koch1 is 1.81% more than
the square RIS IO1 koch1 and 4.84% more than simple
Koch designed with conventional PEC ground plane. AR
versus frequency plots of IO2 are pictured in Fig. 11. It is
noted from the summarized results listed in Table 2 that
RIS-based antennas resonate at lower frequencies than single-
layer antennas, thus showing antenna miniaturization. As a
result, RIS improves two major drawbacks of conventional
ground planes: (1) impedance matching can be done over
broadband; and (2) miniaturization of the antenna size. The
simulated surface current distribution of fractal RIS IO1 iter-
ation1 at 2.30 GHz is pictured in Fig. 12.

Fig. 9. Simulated return loss curves of Koch fractal boundary antennas over
optimized fractal RIS.

Fig. 10. Simulated AR of IO1 antennas.

Fig. 11. Simulated AR of IO2 antennas.

Fig. 12. The simulated surface current distribution of fractal RIS IO1 iteration1 at 2.30 GHz: (a) at 08, (b) at 908, (c) at 1808, and (d) at 2708.
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V I . M E A S U R E D R E S U L T S A N D
D I S C U S S I O N S

In the simulations section, from Table 2 it is observed that
Koch with fractal RIS elements IO1 iteration 1 generates
more 3-dB CP bandwidth, which is due to high optimized
asymmetry along the two orthogonal curves along the x-
and y-axes. To validate the hypothesis made pertaining to
the proposed antennas; the best performer antenna fractal
RIS IO1 iteration1 is fabricated and tested experimentally.
The antenna consists of two layers. The bottom layer has
fractal RIS elements that are printed on the 1.6-mm thickness
FR4 epoxy of dielectric constant 4.4. The top layer consists of

Koch fractal with two asymmetrical fractals curves along the
two orthogonal directions is printed on 3.2 mm thickness
RT/Duroid 5880 of dielectric constant 2.2. The two layers
are stacked using a dielectric adhesive and the fabricated
antennas are shown in Fig. 13. The comparison of the simu-
lated and the measured results of the proposed antenna are
portrayed in Fig. 14. The deviations appearing between simu-
lated and experimental results are due to tolerance levels
during the fabrication process of the antenna.

The measured radiation patterns of fabricated fractal RIS
IO1 at 2.3 GHz in the horizontal plane (HP) and vertical
plane (VP) are shown in Fig. 15. The deviation between these
two radiation patterns gives the AR in that direction. The

Fig. 13. Prototype of fabricated antennas. (a) RIS. (b) Fractal RIS IO1 iteration1 Koch antenna

Fig. 14. Comparison of simulated and measured results of fractal RIS IO1 iteration1: (a) return loss characteristics, (b) axial ratio, and (c) gain.
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measured 3-dB AR and 10-dB return loss bandwidths are 7.45
and 50.35%, respectively. The proposed fractal RIS IO1 iter-
ation generates high 3-dB AR bandwidth than other antennas
because of the high optimized asymmetry along the two per-
pendicular directions for good CP radiation. The proposed
structure generates higher 3-dB AR CP bandwidth with a
simple single probe feed by combing fractals and RIS concepts.

V . C O N C L U S I O N

A broadband single probe feed asymmetrical Koch antenna
using RIS is systematically investigated through simulations
and studied experimentally. Optimization of RIS elements to
5 × 5 is carried out for optimal bandwidth generation. Koch
fractal with single-layer, RIS with square elements and
fractal elements are examined for CP radiation. It is observed
that with the use of optimized fractal RIS elements, impedance
matching has been obtained over a broadband than the square
RIS elements and without RIS techniques. The proposed
structure operates in the range of 2–3 GHz frequency and is
useful for ISM band wireless applications.
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