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Abstract. In this article, modified Koch fractal geometry-
based patch antenna up to second iteration is implemented
with partial ground configuration to achieve multiband
response with wideband behavior at each of the resonating
bands. The antenna is designed to operate over C and X
bands that can be useful for Satellite, Radar and DBS TV
applications. FR-4 epoxy substrate of maximum dimension
35 x30 x1.6 mm’ (0.7029 x 0.6y x 0.03 ) is used to sim-
ulate the antenna in HFSS 15 (A is the free space wave-
length corresponding to the lowest resonance frequency).
The design is started with a truncated star shape patch and
ended up with five circular slots embedded Koch fractal
through several design steps. In addition, coplanar wave-
guide (CPW) feeding is applied to achieve multiband re-
sponse and wideband behavior over each operating band.
The proposed antenna exhibits multiband response at
6.06 GHz, 9.76 GHz, 10.92 GHz, 11.68 GHz and 14.4 GHz
with operating bands (5.8—-6.31 GHz), (9.2—-10.08 GHz),
(10.78-12.36 GHz) and (13.64—15 GHz) respectively.
A fabricated prototype of the proposed antenna is tested
using Vector Network Analyzer (VNA). It has shown ade-
quate amount of matching between the simulation and
measured results.
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1. Introduction

In recent trend of wireless technologies, demands of
multiband and wideband antennas are increasing to meet
the requirement of using a single antenna for multiple fre-
quency bands instead of using multiple antennas. Wide-
band antennas are very useful in multipath channel where
data rate with low interference and less transmission power
is required. Multiband antennas are required to use the
frequency spectrum efficiently. Different slots along with
fractal curve have been used in literature like circular slots
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[1], reverse C-shaped and L-shaped slot [2], plus shaped
slots [8], triangular slots [12], fractal slots [13], [14] etc. to
achieve multiband characteristics. Apart from slots differ-
ent fractal shaped curves like crinkle fractal [5], I-shaped
[6], circular ring fractal [7], [9], meander like fractal [10],
dual reverse arrow fractal [11], modified Sierpinski gasket
fractal [11], Minkowski fractal [15], Sierpinski fractal [16],
[17], periwinkle flower shaped fractal [19] and hybrid
fractal [20-22] also have been used to get multiband re-
sponse. Alongside multiband response efforts have also
been given to enhance bandwidth using several techniques
like partial ground [3, 20, 23], crinkle fractal with partial
ground [5], ring fractal with partial ground [8], circular
slotted hexagonal shaped ring [10], elevated slotted trian-
gular patch [11], fractal slot based DGS [13], [21] and
Minkowski fractal with triangular dielectric resonator [15]
in multiband antennas. CPW plates along with ground
plane [3] are used to improve performance like gain and
bandwidth over the operating frequency bands and CPW
feeding has also been applied to achieve multiband re-
sponse [19]. Simple microstrip patch antenna designed with
different shaped slots at different position resulted multi-
band response [1], [2]. A CPW fed antenna loaded with
partial ground plane is designed to improve bandwidth in
each resonating band [3]. Improvement in bandwidth with
single band response and reduction of cross polarization
using Z-shaped slot loaded ground plane is discussed in [4].
The application of fractal geometry in antenna structure
provides some attractive features like miniaturization, im-
proved impedance matching, multiband and wideband
characteristics. This is due to some significant characteris-
tics of fractal geometry such as self-similarity, non-integer
dimension and space filling properties. A crinkle fractal
structure-based antenna with partial ground plane [5] and
an I-shaped fractal antenna with PSO technique [6] are
designed to generate triple band response. PSO technique is
used to optimize the length of the I-shaped fractal antenna.
A circular ring fractal, meander like fractal and wheel
shaped ring fractal with partial ground plane are designed
to achieve multiband response with enhancement in band-
width [7-9]. Enhancement in bandwidth is also achieved in
an SRR based hexagonal ring fractal antenna due to slotted
ground plane [10]. Another antenna with dual reverse arrow
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Fig. 1. (a) First iteration Koch loop. (b) Second iteration Koch loop. (¢) Modified second iteration Koch loop.

fractal loaded with elevated slot on patch for improvement
in bandwidth has been reported in [11]. Design of antennas
loaded with different fractal shaped slots such as modified
Sierpinski, Koch fractal and W-shaped slots to achieve
multiband response are described in [12—14]. It has been
observed that Koch fractal shaped slot provides more
bandwidth in comparison to modified Sierpinski and ¥-
shaped slots. A triangular shaped dielectric resonator based
Minkowski fractal antenna is designed to achieve wideband
response [15]. Besides the Koch fractal, Sierpinski fractal
has been also used for monopole antennas for wireless
communications [16], [17]. Design of a partial ground
plane loaded fractal shaped metasurface antenna is reported
in [18]. A periwinkle flower shaped antenna loaded with
SRR and fed through modified CPW generated multiband
response [19]. Implementation of hybrid fractal technique
such as Moore-Koch and Minkowski-Hilbert in antenna
geometry with partial ground plane leads to multiband
response with wideband behavior [20], [21]. A miniatur-
ized hybrid fractal technique-based antenna generated
anarrowband response [22]. A metamaterial antenna
loaded with stubs is designed to get multiband response
[23]. For bandwidth enhancement the proposed antenna is
designed with a slotted partial ground plane.

In this article, a CPW fed antenna using modified
Koch fractal geometry-based patch up to second iteration
loaded with number of circular slots and partial ground
plane is designed and presented. It involves multiple stages
of design process and shows that bandwidth improves
through every individual stage. Initially, an inset fed trun-
cated star shape is designed and then it is followed by the
proposed fractal stage. A multiband response including
wideband characteristics, improved reflection coefficient,
gain and directional radiation pattern have been obtained in
the final stage of the design. In literature most of the anten-
nas with multiband response have not shown wideband
behavior in their all-resonating bands whereas the proposed
antenna in this context produces wideband behavior in all
its resonating bands.

2. Modified Koch Fractal

Figure 1(a) shows a star shape which can be equiva-
lent to the 1* iteration Koch loop. Figure 1(b) shows that
by adding a star at each corner of the previous star (1%
iteration Koch loop) equivalence of 2™ iteration Koch loop
can be obtained. In this process center of each corner of the
previous star and center of star which is added at each
corner are same. In modified second iteration center of
each corner of the previous star (1% iteration Koch loop)
and the center of star which is added at each corner are not
same as shown in Fig. 1(c).

3. Designing Process

Design and simulation of each stage of the antenna is
performed by using HFSS 15. Substrate material for every
stage of the antenna design is FR4 epoxy whose dielectric
constant and loss tangent are 4.4 and 0.02 respectively.
Stage-1 of the proposed antenna is basically a star shape
which is fed directly by using line feeding mechanism as
shown in Fig. 2(a). It is considered as the first iteration
Koch fractal. In this technique more iterations cause the
electrical length £/ to increase and length of the circumfer-
ence is given by the mathematical formula a,=3(4/3)",
where a, is length of the circumference and » is any posi-
tive integer. Establishment of proper impedance matching
is done by proper adjustment of the feed position and di-
mension of feedline to achieve increment in bandwidth. For
this, a small portion from the basic star shape is removed
and hence fed through inset feeding mechanism in stage-2
as shown in Fig. 2(b). In this mechanism a rectangular
notch is made through which a 50Q feedline of (Wx Ly)
specification is connected to the patch. Parametric analysis
is performed to ensure proper feeding point by varying the
notch length (L,). The design in stage-2 is a truncated star
shape which is obtained by truncating the basic star shape
in stage-1. So, the stage-2 is considered as a modification
of stage-1 due to truncation rather than due to any iteration.
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Fig. 2. (a) Stage-1. (b) Stage-2. (c) Stage-3. (d) Stage-4.
W, 30 0.64, a, 5.77 0.1164, ay 1.92 0.0394,
L 35 0.72¢ L, 2.9 0.0582, R 1.5 0.032,
L, 17.5 0.352, W 3 0.064, d 0.5 0.012,
h, 15 0.301, L¢ 15.4 0.312, L. 7 0.142,
a; 17.32 0.342, a, 5.77 0.1164, W, 13 0.262,

Tab. 1. Parametric values of the proposed antenna (All values are in mm).

For this, stage-2 still can be considered as the first iteration
Koch fractal. In stage-3 design, modified second iteration
Koch fractal is implemented by adding a smaller star at
each corner of the truncated star shape patch. In this pro-
cess center of each corner of the truncated star shape patch
and center of the smaller star which is added are not same.
This is fed through a pair of symmetrical rectangular
ground plates which are designed on the top of the sub-
strate through which feedline is connected to the patch; this
is known as coplanar waveguide (CPW) feeding as shown
in Fig. 2(c). The size of the CPW is optimized by varying
the length of CPW (L¢) while keeping width (W) fixed
using parametric analysis. Another parametric analysis is
performed to know the appropriate gap (d) between
feedline and CPW by keeping length of CPW fixed. Im-
plementation of modified second iteration Koch fractal
along with CPW feeding mechanism leads the antenna to
produce multiband response. In the final stage of the an-
tenna design, five numbers of circular slots of equal size
and shapes are introduced on the CPW fed second iterated
patch as shown in Fig. 2(d) to improve the performance of
the antenna. Radius of each circle is optimized by per-

forming a parametric analysis by considering the radius (R)
as a variable. Introduction of circular slots along with par-
tial ground plane improves the bandwidth at each resonat-
ing band of the proposed antenna. Table 1 specifies entire
dimensions of the antenna structure. For a fractal antenna,
the resonance frequency for a given mode can be deter-
mined from the following expression.

1
/= 2“\/&\/ Hy&y

where f; is the resonance frequency and a is the effective
fractal length. Multiple resonance frequencies can be
generated by the fractal antenna because fractal supports
higher order resonant modes and it leads to occurrence of
multiband response.

Q)

4. Parametric Analysis

This section describes the effect of variations in dif-
ferent parameters to achieve desired response from the
proposed antenna.
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Fig. 3. Parametric variations of: (a) Notch length L,. (b) Radius of circular slots R. (c) Length of CPW L. (d) Gap between CPW and feedline d.

4.1 Variations in Length of the Notch (L,)

To ensure improvement in impedance matching,
a small notch has been made on the truncated star shape
patch. Parametric analysis is used to optimize the size of
the notch by varying the length (Z,) is shown in Fig. 3(a).
Variation of length is done in the range of 2.3-3.5 mm with
step size of 0.2 mm. It was obtained from simulation that
the reflection coefficient is decreased with increasing L,
from 2.3 mm to 2.9 mm. Beyond L,=2.9 mm reflection
coefficient is increased again and minimum reflection coef-
ficient is achieved for L,=2.9 mm. At this value, resulted
reflection coefficient is of —49.19 dB and a bandwidth of
480 MHz (5.83%) is obtained, confined within the range of
7.99-8.47 GHz. Beyond this value performance of the
proposed antenna is degraded in terms of both bandwidth
and reflection coefficient.

4.2 Variation in Radius of Circular Slots (R)

Five number of circular slots of equal size and shape
are loaded on the final stage of the proposed antenna to
enhance the performance. To optimize the radius of circles
for minimum reflection coefficient and adequate band-
width, a parametric analysis is performed as shown in
Fig. 3(b) by considering radius R as variable. Variation of
radius is shown between 1.2-1.8 mm range in step of
0.1 mm. Here it is shown that it results multiband response
with slight variation in bandwidth and reflection coefficient
for R=12mm to 1.4 mm. At R=1.5 mm antenna has
attained minimum reflection coefficient and maximum
bandwidth. At R = 1.5 mm it results in multiband response
with maximum bandwidth of 1720 MHz in the range of
10.73-12.45 GHz with minimum reflection coefficient of
—33.33 dB. Afterward performance is degraded.

4.3 Variation in Length of the CPW (L¢)

In order to achieve the desired response, antenna is
fed through a pair of CPW ground plates. Gap between
CPW and patch is optimized with variation of CPW length
Lc by using parametric analysis as depicted in Fig. 3(c).
Variation in length of CPW is performed between
4-10 mm in step of 1 mm. It is shown that for Lc=7 mm
antenna results multiband response with very less amount
of reflection coefficient and wideband characteristics is
found corresponding to each resonant frequency.

4.4 Variation of Gap between CPW and
Feedline (d)

Figure 3(d) shows the parametric variation of gap (d)
between CPW and feedline. Variation of gap is performed
between 0.2—0.7 mm in a step of 0.1 mm. It is shown that
for d=0.5 mm antenna results multiband response with
minimum reflection coefficient and wideband behavior at
each resonating band.

5. Reflection Coefficient and Band-
width

Reflection coefficient and bandwidth of all stages of
the antennas are enlightened in this context. Figure 4(a)
shows the variation of reflection coefficient of all design
stages. Comparison of reflection coefficient plot between
measured and simulated data of the antenna in final stage is
shown in Fig. 4(b). Initially, a basic direct fed star shape
patch is formed and simulated which resonates at 7.70 GHz
with reflection coefficient —18.70 dB and results a narrow-
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band response. In order to get improved impedance
matching and better bandwidth, star shape is truncated in
stage-2. Because of the truncation electrical length of the
patch decreases which leads to increase of resonant fre-
quency. Here antenna results in a resonant frequency of
8.23 GHz with reflection coefficient —49.19 dB and band-
width 480 MHz (5.83%) within the range 7.99-8.47 GHz.
Truncated star shape patch results in an increase in reso-
nant frequency due to the length reduction by truncation.
Additionally, it offers improvement in impedance matching
and bandwidth. For further improvement of the antenna
performance, stage-2 is gone through a process of modified
Koch iteration in stage-3 known as second iteration. The
CPW fed second iterated modified Koch fractal antenna in
stage-3, generates multiband response. This shows the
simulated reflection coefficients of —25.35 dB, —29.35 dB,
-24.55dB, and -39.64dB at resonant frequencies
6.24 GHz, 9.67 GHz, 11.03 GHz and 11.67 GHz respec-
tively. The offered bandwidth at all resonating bands are
given as 560 MHz (9.03%) (5.92-6.48 GHz), 1260 MHz
(13.12%) (8.97-10.23 GHz) and 1500 MHz (12.89%)
(10.88-12.38 GHz). It is observed that second iteration
results in a decrease in resonant frequency and produces
additional resonating bands. Circular slots loaded in the
final design stage of the antenna improve the performance
in terms of reflection coefficients, bandwidth and gain.
Loading of circular slots in the final stage is also responsi-
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(a) 3D far field pattern with peak gain. (b) E-plane and H-plane radiation patterns of the truncated star shape patch at 8.23 GHz.

ble to operate the antenna within the desired bands. It is
also responsible to improve the reflection coefficients at
each of the resonating bands. The final design of the pro-
posed antenna shows simulated reflection coefficients of
—43.17 dB, —-37.85dB, —26.34 dB and —33.33 dB at fre-
quencies 6.06 GHz, 9.74 GHz, 10.93 GHz and 11.67 GHz
respectively. The offered bandwidth at all resonating bands
is given as 770 MHz (12.82%) (5.62-6.39 GHz),
1190 MHz (12.38%) (9.01-10.20 GHz) and 1720 MHz
(14.84%) (10.73—12.45 GHz). Therefore, the antenna offers
multiband response with improved bandwidth in all oper-
ating bands in this stage. The final design of the proposed
antenna shows measured reflection coefficients of —38.34 dB,
-30.25dB, -20.58dB, -28.69dB and -17.32dB at
resonant frequencies 6.06 GHz, 9.76 GHz, 10.92 GHz,
11.68 GHz and 14.4 GHz respectively. The offered band-
width at all resonating bands is given as 510 MHz (8.42%)
(5.8-6.31 GHz), 880 MHz (9.12%) (9.2-10.08 MHz),
1580 MHz (13.65%) (10.78-12.36 GHz) and 1360 MHz
(9.49%) (13.64—-15 GHz).

6. Far Field Results

Gain and radiation patterns obtained from all the de-
sign stages are enlightened in this discussion. Figure 5(a)
shows the 3D polar plot of truncated star shape patch
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(Stage-2) with a peak gain of 3.77 dB at 8.23 GHz. Fig-
ure 5(b) shows both the electric and magnetic field planes
2D radiation patterns. It has been seen that both E and H-
plane have produced omnidirectional field patterns for the
given frequency.

Stage-3 that is the modified second iterated patch
produces peak gains of 1.5dB, 5.13dB, 1.82dB and
2.44 dB corresponding to resonant frequencies 6.24 GHz,
9.67 GHz, 11.03 GHz and 11.67 GHz respectively as
shown in Fig. 6. Stage-4 that is the final design of the pro-
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posed antenna produces peak gains of 3.99 dB, 7.98 dB,
4.8 dB and 3.96 dB corresponding to resonant frequencies
6.06 GHz, 9.74 GHz, 10.93 GHz and 11.67 GHz respec-
tively as shown in Fig. 7. Radiation patterns of the modi-
fied second iterated patch for both E and H planes are
shown in Fig. 8. It has been observed that the proposed
antenna produces almost omnidirectional E-plane pattern
for the frequency 9.67 GHz and directional E-plane pattern
for 6.24 GHz. It produces directional E-plane patterns with
minor side lobes for the frequencies 11.03 and 11.67 GHz.
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Fig. 6. 3D far field pattern of modified 2™ iterated patch with peak gain at (a) 6.24 GHz, (b) 9.67 GHz, (c) 11.03 GHz, (d) 11.67 GHz.
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Fig. 9. E-plane and H-plane patterns of the final stage of the proposed antenna.

Fig. 10. Fabrication prototype: (a) Back side. (b) Front side.

Design stages No. of bands Resonant frequency (GHz) Reflection coefficient (dB) Bandwidth (MHz)
Stage-2 (1st iteration) o
) 1 823 49.19 430 (5.83%)

o ene aac 560 (9.03%), 1260
Sta%fﬁ;fﬂ%"‘;‘gﬁ;‘ 2 4 6.24,9.67, 11.03, 11.67 2535, _2399’362’ 2435 | (13.12%), 1500 (12.89%),
p : 1500 (12.89%)
770 (12.82%), 1190
Stage-4 (Final) Simulated 4 6.06,9.74, 10.93, 11.67 —43.17, 13373’_3)53 726341 (12.38%), 1720 (14.84%),
: 1720 (14.84%)
N 510 (8.42%), 880 (9.12%),
Stage-4 (Final) Measured 5 6.06,9.76, 10.92, 11.68, 14.4 I a2 2, 1580 (13.65%), 1580

(13.65%), 1360 (9.49%)

Tab. 2. Parametric outcomes from various design steps of the proposed antenna.
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Design stages No. of bands Resonant frequency (GHz) Peak gain (dB) Radiation efficiency (%)
o .
Soea(emion |
Stage-3 (Modified 2" 4 6.24,9.67,11.03, 11.67 1.5,5.13, 1.82,2.44 82.38, 78.14, 53.77, 78.40
iterated patch)
Stage-4 (Final) 4 6.06,9.74,10.93, 11.67 3.99,7.98,4.8,3.96 86.54,77.7, 58, 80
Tab. 3. Gain and radiation efficiencies from various design steps of the proposed antenna.
References Antenna size (mm?) Na;u;nt‘:no[f;he banﬁ’:litl;: lzll\n/lﬂz) banggviin(}tmhu(ﬁﬂz) Feeding mechanism
[1] 2.74525 x1.74, Multiband 400 (7.09%) 100 (1.67%) Line
[2] 0.27644 x0.4092, Triple band 330 (4.45%) 200 (6.06%) Line
[5] 0.0834, x0.0831, Triple band 302 (5.7%) 189 (10.58%) Line
[6] 0.544 x0.332, Triple band 510 (6.99%) 75 (1.27%) Line
[7] 0.792, x0.464, Multiband 860 (15.6%) 190 (6.89%) Line
[10] 0.2991, x0.4382, Triple band 860 (15.99%) 290 (11.49%) Line
[11] 0.291, x0.2084, Dual band 1000 (18.51%) 100 (3.48%) Coaxial
[13] 0.5724 x0.574, Dual band 1060 (21.15%) 690 (26.69%) Line
[14] 0.2681, x0.3211, Multiband So narrow So narrow Coaxial
[15] 0.851 %0.852, Single band 870 (32.64%) - Coaxial
[18] 0.432, x0.434, Single band 200 (4.08%) - Line
[19] 0.164, x0.164, Multiband So narrow So narrow CPW fed
Proposed design 0.7A¢ x0.62, Multiband 1580 (13.65%) 510 (8.42%) CPW fed

Tab. 4. Comparison of the proposed antenna with various existing multiband antennas.

It is seen that H-plane patterns produced by the an-
tenna are highly directional for all the resonant frequencies.
Radiation patterns of the antenna in final stage for both E
and H planes are shown in Fig. 9. It is observed that the
antenna produces bidirectional E-plane patterns for the
frequencies 6.06 GHz, 10.93 GHz and 11.67 GHz. At fre-
quency 9.74 GHz, both E and H plane patterns are highly
directional. The antenna produces almost omnidirectional
patterns at frequencies 6.06 GHz and 11.67 GHz whereas
at 10.93 GHz it produces bidirectional H-plane pattern. It
has been seen that introduction of circular slots in the final
stage of the proposed antenna enhances the magnitude as
well as the pattern of gain over each resonating band.

Table 2 shows both the measured and simulated
bandwidth and reflection coefficients of the final stage of
the antenna with their corresponding resonant frequencies.
It also shows the summarized parametric outcomes of the
different design stages of the antenna. Table 3 contains the
far field outcomes including peak gains and radiation effi-
ciencies of all design stages of the antenna. Table 4 finds
a comparison between various existing antennas with
different structures and feeding techniques offering multi-
band response. It has been observed that the proposed an-
tenna provides multiband response with wideband behavior
at all the resonating bands. The maximum and minimum

bandwidths produced by the antenna are of 1580 MHz and
510 MHz respectively.

7. Conclusion

A modified Koch fractal-based patch antenna up to
second iteration loaded with number of circular slots of
equal size and shape fed with CPW technique is designed
and tested in this article. The antenna is designed through
a number of stages, including a continuous improvement of
the parametric performance. Wideband is obtained due to
introduction of partial ground and circular slots on the
antenna. A multiband response with wideband characteris-
tics is obtained due to introduction of modified Koch frac-
tal with CPW feeding. Introduction of circular slots is also
responsible to enhance the gain and improve the reflection
coefficient at each of the resonating band. The simulated
outcomes of the antenna have been plotted graphically
against the measured set of data. A very good match has
been observed between the simulated and measured results.
The proposed antenna can be a good choice for different
fields of wireless communication such as Fixed Satellite for
earth to space (5.850-5.925 GHz), Amateur Satellite for
space to earth (5.83-5.85 GHz), Radar (9.5-10.05 GHz)
and DBS TV (11.7-12.3 GHz) applications.
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