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Low Profile Design of Regular Shape Microstrip Antennas Backed by
Fractal Slots Cut Ground Plane for Circular Polarized Response

Aarti G. Ambekar and Amit A. Deshmukh*

Abstract—Thinner substrate designs of square and circular microstrip antennas using fractal variations
of U-shape and half U-shape slot cut ground plane are proposed for circularly polarized response. The
1st, 2nd, and 3rd order fractal variations of slots on the ground plane are studied. The fractal slot cut
variations degenerate patch fundamental mode into dual orthogonal resonant modes, and an optimum
spacing between them yields circularly polarized characteristics. Amongst all the designs, circular
microstrip antenna using the 1st order fractal U-slot design yields the optimum result. It offers axial
ratio bandwidth of 60MHz (2.14%) with a broadside radiation pattern and peak gain of 5.5 dBi, on a
substrate of 0.02λg thickness and patch area 1.44λg. Against the reported designs, the current work
presents a low profile single patch circularly polarized configuration.

1. INTRODUCTION

Research in wireless communications in recent years has attracted the interest of a broad community,
ranging from materials science up to device engineering [1–3, 39]. In wireless applications, to minimize
the losses arising from multi-path propagation antennas offering circularly polarized (CP) response are
used [1, 2]. Owing to the ease of fabrication and low-profile design, microstrip antenna (MSA) is the
preferred option to design CP antennas. Many techniques have been reported to realize CP response
using MSA. The CP response in MSAs is realized by cutting a slot inside the patch or by placing a
stub on the patch edges [3–9], loading the patch with a shorting post [10], employing parasitic patches
in the gap-coupled planar or stacked layer [11–16], using artificial magnetic conductor (AMC) or meta-
surface structures [17, 18] by using modified shapes of the radiating patch [19, 20], cutting a resonant
slot inside the patch [21, 22], cutting fractal shape slots on the patch or on the ground plane [23–26],
and using defected ground plane designs [27–29]. Amongst these techniques, resonant slot cut designs
are the optimum one since it is a single patch design and offers axial ratio (AR) bandwidth (BW) of
4–6% with a gain of more than 6 dBi while using substrate thickness of 0.06–0.08λg As discussed in the
comparative study presented in [30], the slot on the ground plane against that on the patch offers better
results in terms of BW and frequency reduction. In addition, as a slot placed on the ground plane does
not directly affect the modal currents on the patch, it is easier to obtain impedance matching [30]. In
the reported literature, simple low profile modified ground plane designs that offer CP response with a
moderately high value of the broadside gain are not reported.

In this paper, modified ground plane designs of square MSA (SMSA) and circular MSA (CMSA)
are presented on a thinner Arlon substrate (εr = 3.0, tan δ = 0.002, h = 0.16 cm), in 2800MHz
frequency band. The defects on the ground plane in the form of fractal shape variations of U-slot
and half U-slot are created. The 1st, 2nd, and 3rd order variations of fractal shape slots are studied.
Through the parametric study it is noted that the fractal shape slot degenerates patch (SMSA and
CMSA) fundamental mode frequency into two orthogonal resonant modes (TM45

10 and TM135
01 ), which
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are directed along the patch diagonal axis. An optimum inter-spacing between them yields CP response.
On the thinner substrate, all the designs yield impedance BW for S11 ≤ −10 dB of more than 5% and
AR BW of 1–2% with the broadside radiation pattern and gain characteristics. Amongst all the fractal
shape variations, the CMSA using a 1st order fractal U-slot yields optimum results. It offers AR BW
of 60MHz (2.14%) that lies inside the impedance BW of 162MHz (5.7%). The MSA shows broadside
pattern characteristics with a peak gain of more than 5 dBi. Thus amongst the reported CP variations,
the proposed configuration is a low profile design that offers AR BW of more than 2% on a thinner
substrate of 0.02λg. A detailed comparison of the proposed optimum design against the reported CP
MSAs is discussed further in the paper. The configurations presented in this paper are first optimized
using IE3D simulations followed by experimental verifications [31]. The MSA is fed using a 50Ω SMA
connector of 0.12 cm inner wire diameter. The experimental validation for the obtained results is carried
out inside the antenna lab using instruments like, ZVH–8, FSC 6, and SMB 100A.

2. DESIGNS OF SMSA BACKED BY FRACTAL SHAPE U-SLOT CUT GROUND
PLANE

The design of SMSA backed by fractal shape U-slot variations is shown in Figs. 1(a)–(e). The SMSA
dimensions on an Arlon substrate are optimized for TM10 mode frequency of 2800MHz. Thus SMSA

(a) (b)

(c)

(d) (e)

Figure 1. (a), (b) Variations of SMSA backed by fractal and vertical slot cut ground plane, and its
(c) resonance curve plots, (d), (e) detailed dimensions of fractal U-slot and half U-slot for a different
order.
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length is selected as L = 2.86. The square ground plane length is taken as Lg = 4.6 cm. The feed point
is located at a distance of xf = 1.0 cm from the patch center point to excite TM10 mode. The fractal
variations are placed at a distance ‘ds’ cm from the patch center point and on the other side of the
coaxial feed. For the feed point shown, excitation of orthogonal mode is not possible to achieve the CP
response. Initially, with respect to 1st order fractal variation of the U-slot, a study is carried out that
explains how the dual orthogonal modes will be excited in fractal variation against the vertical slot.
Resonance curve plots for the same are shown in Fig. 1(c). Using a vertical slot, unequal path lengths
along the two diagonal axes on the patch are not realized, whereas due to the fractal U-slot geometry,
unequal path lengths are created along two diagonal axes, leading to the two closely spaced resonant
modes against the single resonant mode. Tapered width triangular slot as shown in Fig. 1(b) is also
studied for the creation of two diagonal orthogonal modes. It is noted in the parametric study that
orthogonal modes are created here, but both their frequencies change against the increment in triangular
slot dimensions. This does not yield optimum inter-spacing between them to give CP response. Based
on these findings, the fractal shape variation of the U-slot is selected.

Initially for the 1st iteration of the fractal U-slot on the ground plane, parametric study for the
variation in the position of slot ‘ds’ and various slot dimensions, ‘ls1’, ‘lv’, ‘ws’, is carried out, and
resonance curve plots and surface current distribution at the observed resonant modes are shown in
Figs. 2(a)–(d). The position of 1st order fractal U-slot (ds) for length ls1 = 1.245 cm is increased from
1.075 to 1.275 cm, away from the patch center. It is noted that for ds = 1.075 cm, a single resonant
peak near 2300MHz is observed. When ds is increased away from the patch center, a second resonant
peak near 2900MHz is noticed. The frequency of the lower resonant mode increases against an increase
in ds.

The frequency of the higher resonant mode remains nearly constant. The surface currents at lower
resonant mode show half wavelength variation along ϕ = 135 diagonal axis in the square patch, and
at higher resonant mode frequency, currents vary along ϕ = 45. Here, the presence of a fractal U-slot
creates unequal current paths along the diagonal axis that degenerate TM10 mode into dual orthogonal
modes. Because of this diagonal variation, these modes are referred to as TM135

10 and TM45
01, respectively.

In defected ground plane MSAs, modifications in modal currents on the ground plane are related to
the currents on the patch through the fringing fields between the patch and the ground [30, 33]. Thus
with an increase in ds, perturbations in currents at TM135

10 mode decrease which increases its frequency,
and it comes closer to TM45

01 mode frequency. This achieves tuning in frequencies of two orthogonal
modes. The further optimization of AR value below 3 dB to achieve the CP response is realized by
changing fractal U-slot length ls1 as shown in Figs. 2(a), (b). The variation in length ls1 against further
increment in ds is considered here since the variation in ls1 increases the impedance at two orthogonal
modes (specifically TM45

01 mode) to yield an AR value less than 3 dB. Using the parametric study for
variation in fractal U-slot parameters on the ground plane, SMSA is optimized for CP response. The
antenna parameters in the optimum design for 1st order fractal U-slot variation are, ds = 1.275 cm,
ls1 = 0.945 cm, lv = 0.46 cm, ws = 0.1 cm, xf = 1.0 cm, and results for them are shown in Fig. 2(e).
The simulated and measured BWs for S11 ≤ −10 dB are 171MHz (6.07%) and 178MHz (6.33%),
respectively. The simulated and measured CP BWs for AR < 3 dB are 36MHz (1.28%) and 41MHz
(1.46%), respectively. Across the AR BW, the antenna offers a gain of more than 5 dBi. The fabricated
prototype showing the patch and ground plane is given in Figs. 2(f), (g). The radiation pattern at the
center frequency of AR BW and simulated polarization plot at the same are shown in Figs. 3(a)–(c).
The radiation pattern is in the broadside direction, with an equal contribution of the co and cross
polarization levels. Here as the antenna offers CP radiation, the two levels are nearly the same. The
left hand field components are dominant in the polarization plots indicating the presence of left hand
CP (LHCP) wave.

The time varying surface current distribution at the center frequency of the AR BW and orthogonal
field magnitude (Ex & Ey) and their phase plots (Φx–Φy) obtained using CST software [32] for 1st order
fractal U-slot cut SMSA are shown in Figs. 4(a)–(e). The current vectors rotate in the clockwise direction
over time, thus confirming the presence of an LHCP wave. Near the frequency range of 2780MHz, the
magnitudes of E-field vectors, Ex & Ey, are equal. Also at this frequency point Φy–Φx is nearly around
900. Further, as Φy is more than Φx, with reference to the time varying fields shown in Fig. 4(e)
inset, over the time variation, clockwise rotation of the E-field vector is noted, thereby confirming the
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(e) (f) (g)

Figure 2. (a) Resonance curve and (b) axial ratio plots for variation in slot position and dimensions,
(c), (d) surface current distribution at observed resonant modes, (e) S11, AR BW and gain plots,
(f) patch and (g) ground plane views of fabricated antenna for SMSA backed by 1st iteration fractal
U-slot ground plane.
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(a) (b) (c)

Figure 3. (a), (b) Radiation pattern plots and (c) simulated polarization plots at the center frequency
of AR BW for SMSA backed by 1st iteration fractal U-slot cut ground plane.

LHCP radiation. Thus, radiation pattern plots, polarization plots, time varying current distribution,
and field magnitude and phase plots confirm the presence of CP radiation. The LHCP radiation is
verified experimentally in the lab by using nearly square MSA excited in the LHCP and right hand
CP (RHCP) sense of rotation and by observing the received signal. When the senses of polarization in
the transmitter and receiver are matched, the received signal is maximum whereas when the sense of
polarization is not matched with the antenna under test, then the received signal is reduced by 8–10 dB.
This confirms the LHCP response experimentally.

The 2nd and 3rd order fractal variations of the U-slot as shown in Fig. 1(d) are also studied for
the CP response. In each design, a parametric study for the variation in slot position and dimensions is
carried out to achieve the optimum CP BW. In each fractal variation, the total vertical and horizontal
lengths of the fractal U-slot are kept the same, i.e., 2ls1 = 3ls2 and 2ls1 = 4ls3. The fractal horizontal
slot length lv is kept the same in all the fractal orders whereas in the 3rd order fractal variation, U-
slot width is selected as wa = ws/2. The simulated plots of AR BW for 2nd and 3rd order fractal
U-slot designs are shown in Fig. 5(a). In the 2nd order fractal design, AR BW is obtained in the same
frequency range as that of the 1st order fractal design, whereas in the 3rd order fractal U-slot design,
AR BW is obtained in the lower frequency range. As can be noted here that amongst the three order
fractal designs, maximum AR BW is obtained in 1st order fractal U-slot variation. Also, 2nd and 3rd
order fractal designs are complex in fabrication. Hence, an experimental validation for 2nd and 3rd
order fractal U-slot design is not carried out. In the parametric study for ds, it is noted above that the
half portion of the fractal U-slot, which lies below the patch only is responsible for the degeneration of
fundamental mode frequency. Hence, instead of a fractal design with U-slot, its half U-slot variation
can be explored to yield CP response as shown in Figs. 1(e) and 5(b). To analyze the slot effects, a
parametric study for variation in slot parameters is carried out, and resonance curve plots for them are
shown in Fig. 5(c). In the design with fractal half U-slot, similar effects in the degeneration of dual
frequencies against variation in ds and ls1 to that observed in the design with full U-slot are noted.
An optimum response for maximum possible AR BW in 1st order fractal U-slot design is obtained for
L = 2.86 cm, Lg = 4.5 cm, ds = 1.275 cm, ls1 = 0.95, ws = 0.1 cm, xf = 1.0 cm, and its results are
shown in Fig. 5(d).

The simulated and measured BWs for S11 < −10 dBare 175MHz (6.12%) and 168MHz (588%),
respectively. The simulated and measured CP BWs for AR < 3 dB are 36MHz (1.24%) and 4MHz
(1.38%), respectively. Across the AR BW, the antenna offers a gain of above 5 dBi. The fabricated
prototype showing the patch and fractal half U-slot cut ground plane is given in Figs. 5(e) and (f). The
time varying surface current distribution, radiation pattern plots, and simulated field polarization plots
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Figure 4. (a)–(d) Time varying surface current distribution at the center frequency of AR BW and
(e) orthogonal fields and phase plots for SMSA backed by 1st iteration fractal U-slot cut ground plane.

at the center frequency of AR BW are shown in Figs. 6(a)–(g).
Similar to the above design, current vectors rotate in a clockwise direction against the time

indicating the presence of an LHCP wave. This is again confirmed by the polarization plots in which
left hand field components are dominant. The pattern is in the broadside direction, and due to the CP
response, the co and cross polarization levels are nearly the same observed in the broadside direction.
Also in this design, orthogonal field and phase plots were generated using CST software. Similar to the
previous design, near the center frequency of the AR band, orthogonal field magnitudes are the same
with the phase difference between the two components around 900. The experimental verification of
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Figure 5. (a) AR BW plots for fractal order variations in U-slot cut ground plane backing SMSA,
(b) SMSA backed by 1st order fractal half U-slot and its (c) resonance curve plots for the variation in
slot parameters, its (d) results for optimum design and fabricated prototype showing (e) patch and (f)
ground plane.
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Figure 6. (a)–(d) Time varying surface current distribution, (e), (f) radiation pattern plots and (g)
simulated polarization plots at the center frequency of AR BW for SMSA backed by 1st iteration fractal
half U-slot cut ground plane.
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Figure 7. AR BW plots for fractal order variations for SMSA backed by half U-slot cut ground plane.

the sense of rotation is also confirmed in the measurement using the procedure mentioned above, and it
shows a similar response. The effects of increasing the order of fractal half U-slot on the ground plane
(i.e., 2nd & 3rd order) are also studied, and AR BW plots for the same are shown in Fig. 7. In 2nd
and 3rd order fractal half U-slot cut designs, a center frequency of AR BW decreases. Amongst all the
designs, 1st order fractal half U-slot cut variation shows optimum result in terms of AR BW.

3. DESIGNS OF CMSA BACKED BY FRACTAL SHAPE U-SLOT CUT GROUND
PLANE

In this section, similar designs of CMSA using a fractal variation of either U-slot or half U-slot are
studied for CP response as shown in Figs. 8(a) and (b). In each of the designs, a detailed parametric
study for the variation in slot position and dimensions for analyzing their effects on the excitation dual
orthogonal modes is carried out, in which similar effects are noted. To avoid the repetition of results,
resonance curve plots and current distribution for the CMSAs are not given. Through this parametric
study, optimum CP designs are obtained, and results for them are provided in Figs. 9–11.

(a) (b)

Figure 8. Designs of CMSA backed by fractal variation of (a) U-slot and (b) half U-slot ground plane.
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(a) (b)

(c) (d)

(e) (f)

Figure 9. (a) S11 & AR BW and gain plots, (b) AR BW plots against variation in fractal order and
(c)–(f) time varying surface current distribution at the center frequency of AR BW for CMSA backed
by 1st iteration fractal U-slot cut ground plane.

In CMSA with a fractal U-slot, the center frequency of the AR BW changes marginally against
the fractal order as shown in Fig. 9(b). The fractal U-slot with 1st order provides an optimum result
in terms of AR BW. For the dimensions of the antenna as r = 1.7 cm, Lg = 4.5 cm, ls1 = 1.275 cm,
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Figure 10. (a), (b) Polarization and (c) radiation pattern plots at the center frequency of AR BW for
CMSA backed by 1st order fractal U-slot cut ground plane, (d) AR BW variation against order of the
fractal half U-slot cut ground plane, (e) S11 & AR BW and gain plots, (f), (g) radiation pattern and
(h) polarization plots at the center frequency of AR BW for optimum design of CMSA backed by 1st
order fractal half U-slot cut ground plane.
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(a) (b) (c)

(d) (e)

Figure 11. Fabricated antenna showing the (a) CMSA, (b) U-slot and (c) half U-slot cut ground plane,
(d) radiation pattern and (e) gain and AR BW measurement setup.

lv = 0.7 cm, xf = 1.2 cm, the design with 1st order fractal U-slot variation yields simulated and
measured S11 BWs of 162MHz (5.71%) and 170MHz (6.01%), respectively as shown in Fig. 9(a). The
AR BW in the simulation and measurement is 60MHz (2.14%) and 58MHz (2.07%), respectively as
shown in Fig. 9(a). The broadside gain over the AR BW is more than 5 dBi. The surface currents
at the center frequency of AR BW rotate in a clockwise direction over time, thereby indicating the
presence of an LHCP wave. This is further confirmed by the simulated field polarization plots, wherein
the left hand field components are dominant, as shown in Figs. 10(a)–(c). Radiation pattern at the
center frequency of AR BW is in the broadside direction with equal contributions of the co and cross
polarization levels.

In the design of CMSA with an increasing order of fractal half U-slot, the center frequency of the
obtained AR BW changes marginally as shown in Fig. 10(d). An optimum result in terms of AR BW
is obtained in the 1st order fractal half U-slot, and S11 & AR BW and gain plots for the same are
shown in Fig. 10(e). Here, the simulated and measured S11 BWs are 215MHz (7.68%) and 225MHz
(8.02%), respectively. The AR BW observed in the simulation and measurement is 41MHz (1.447%)
and 42MHz (1.486%), respectively. Similar to the previous fractal U-slot designs, the antenna offers a
broadside gain of more than 5 dBi over the AR BW. The radiation pattern at the center frequency of
AR BW is in the broadside direction. Due to the CP nature of radiation, co and cross polarization levels
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are nearly the same, in the broadside direction. The polarization field plots show dominant left hand
components, indicating the presence of an LHCP wave. This was also confirmed by the time varying
current distribution, which shows the rotation of surface currents in clockwise direction against time.
As mentioned above, practical validation of the sense of rotation is confirmed by using nearly square
MSA excited in LHCP and RHCP sense of rotation as a transmitter. When the senses of rotation
between transmitter and receiver match, the received signal strength is maximum.

The E-field magnitude components and their phase plots for the CMSA with 1st order fractal U-slot
and half U-slot designs are studied. Near the center frequency of AR BW, they show equal magnitudes
of the Ex and Ey components with a phase difference (Φy–Φx) between them around 900. The fabricated
prototype of the CMSA backed by fractal U-slot and half U-slot of 1st order is shown in Figs. 11(a)–(c).
The automated radiation pattern and gain and AR measurement setup are shown in Figs. 11(d) and
(e). Wideband high gain Horn Antennas were used in the measurement as the reference antennas. In
the measurement setup, the largest dimension ‘D’, which is used in calculating the far field distance is
the diagonal length of the horn antenna. Amongst all the proposed designs, by considering the highest
frequency of operation, the far field distance (2D2/λ) is calculated to be 45 cm. In the pattern and gain
measurements, a distance of more than this is considered. The measurement is carried out inside the
antenna lab. Around the measurement setup placed on the central desk, no surrounding metal objects
are present. In addition, the distance of surroundings objects from the central desk of measurement
is more than 8λ and is calculated with reference to the lowest frequency of operation amongst the
proposed antenna. This measurement setup ensures minimum reflection from the surrounding objects
and thus offers close matching to the measurements being carried out inside an anechoic chamber. The
antenna gain is measured using the three antenna method. In the AR BW measurement, as the received
signal is in dBm, a difference in the amplitude of the received signals in two polarization is considered,
which gives good accuracy. The results for SMSA and CMSA variations are summarized in Tables 1
& 2. Since the measurement is carried out in the optimum case (i.e., 1st order fractal variation), a
comparison of simulated results for S11 and AR BW is provided. Amongst all the designs, CMSA with
1st order fractal U-slot cut ground plane design provides maximum AR BW. The resonant fields inside
the circular cavity are analyzed using the orders of J-type Bessel functions, whereas those inside the
rectangular cavity are analyzed using sinusoidal terms [2]. Due to the difference in the field composition,
the CMSA design yields higher AR BW than the SMSA when the slots are embedded on the ground
plane [2, 3, 33]. Thus, to reflect upon the technical novelty in the proposed circular patch design, the
same is compared below against the reported CP MSAs as discussed in the following section.

Table 1. Comparison of SMSA variations backed by different fractal order of U-slot.

Fractal type Iteration
S11 BW, simulated

(MHz, %)

AR BW, simulated

(MHz, %)

U-slot 1st 171, 6.07 36, 1.28

2nd 149, 5.26 28, 1.0

3rd 189, 7.27 25, 0.98

Half U-slot 1st 175, 6.12 36, 1.24

2nd 238, 8.87 35, 1.28

3rd 189, 7.27 31, 1.14

4. COMPARATIVE ANALYSIS

The results for CMSA backed by 1st order fractal U-slot cut ground plane variation are compared in
Table 3 against the reported CP designs. In the comparison, antenna parameters like AR BW, peak
gain, and antenna volume (i.e., patch area and substrate thickness) are considered. As the reported
designs are optimized at different frequencies, from the comparison perspective, patch area and substrate
thickness are normalized with reference to the center frequency of AR BW. In comparison, some of the
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Table 2. Comparison of CMSA variations backed by different fractal order of U-slot.

Fractal type Iteration
S11 BW, simulated

(MHz, %)

AR BW, simulated

(MHz, %)

U-slot 1st 162, 5.71 60, 2.14

2nd 255, 8.78 30, 1.05

3rd 175, 6.15 34, 1.22

Half U-slot 1st 215, 7.68 41, 1.447

2nd 216, 7.795 32, 1.125

3rd 376, 12.5 30, 1.03

Table 3. Comparison of CMSA backed by 1st iteration fractal U-slot against reported MSAs.

Configuration

reported in Ref

AR BW

(MHz, %)

Peak Gain

(dBi)
h/λAR AP /λAR

CMSA U slot

1st iteration
60, 2.14 5.5 0.02 1.44

[7] 180, 5.4 10.2 0.086 1.78

[8] 23, 0.925 3.87 0.02 1.51

[9] 40, 1.673 5.0 0.02 4.8

[10] 16, 0.653 7.6 0.04 3.5

[11] 1400, 22.76 8.5 0.281 7.585

[12] 40, 3.4 5.6 0.034 3.125

[13] 1400, 11.57 5.25 0.135 0.13

[14] 1510, 27 8.74 0.14 4.868

[15] 100, 3.3 2.7 0.034 5.4

[16] 129, 14.27 7.6 0.14 9.2

[17] 48, 5.25 1.87 0.02 17.85

[19] 46, 3.9 3.45 0.01 4.97

[20] 79, 6.4 8.5 0.108 > 3

[21] 130, 5.3 9.0 0.101 2.362

[22] 1000, 19 7.5 0.12 3.54

[23] 50, 1.45 8.36 0.076 4.0

[24] 26, 1.084 4.62 0.026 1.285

[25] 32, 2.13 5.9 0.025 1.588

[26] 6, 0.4 2.2 0.053 1.358

[27] 42.6, 1.8 7.9 0.026 0.858

references deal with multi-band design, in which comparison is presented with reference to their first
band of operation. In the design reported in [5], multiple slots and stubs are used. In spite of these
modifications, achieved AR BW is less than 1%. In the CP design discussed in [6], although obtained
AR BW is > 3%, the configuration employs dual patches with differential feeding and a defected ground
plane structure. These together increases the design complexity. The MSA presented in [7] offers a gain
of > 10 dBi, but the substrate thickness is large. The design reported in [8] offers a wide beam width CP
response but gives AR BW less than 1% with a less gain. The E-slot loaded design in [9] although offers
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comparable values of AR BW and gain, it requires a larger patch size. Using shorting post wideband
CP design is reported in [10]. The loading of shorting post on the patch alters the resonant modes of
the antenna cavity [3]. Hence, the shorted patch modes here that offer reported wideband CP response
are not discussed in [10]. In the CP designs employing parasitic patches [11–16], either the antenna size
is larger or the substrate thickness is higher. Here either of the two increases the antenna volume. The
CP designs employing an AMC structure increase the antenna size and design complexities [17, 18]. The
planar CP design reported in [19] employs a meshed ring structure. Apart from the design complexities
presented here, the antenna reported in [19] requires a larger patch size. The modified patch shape
design discussed in [20] requires a larger patch size and antenna thickness. The resonant slot cut CP
designs require higher substrate thickness [21, 22]. The CP fractal designs discussed in [23] need a larger
patch size, whereas the design in [24] employs a complex tree shape fractal design. The fractal design
discussed in [25] employs a multi-layer design with a slot on the patch, feeding using a microstrip line
and the 2nd order of the fractal slot. Against this proposed design is a single layer coaxial feed design.
The fractal SMSA design discussed in [26] offers a smaller AR BW than the proposed design. Further,
all the reported fractal CP variations [23–26] employ higher order of the fractal slot. Against them the
proposed design employs first order fractal slot and offers higher AR BW. The CP design discussed
in [27] employs a slot on the patch as well as the ground plane, whereas AR BW is smaller and obtained
over the UWB range for the design discussed in [28]. The design presented in [29] employs multiple
slots on the ground and bend strip. These together increases the design complexity. In addition, the
patch resonant modes that contribute to the realized AR BW are not discussed in [29]. The slot cut
design reported in [34] offers AR BW in the range of 2–3%, but offers lower gain and requires thicker
substrate (h > 0.05λg). The CP design discussed in [35] employs a multi-layer structure that increases
design complexities. The dual band design for CubeSat application presented in [36] offers AR BW
lower than 1% in the two operating bands. The design for a similar application reported in [37] employs
slots on the patch as well as the ground plane, which increases the design complexity. The modified
slot cut design discussed in [38] offers AR BW less than 1%.

5. CONCLUSIONS

Designs of square and circular shape microstrip antennas using 1st, 2nd, and 3rd order fractal variations
of U-slot and half U-slot cut on the ground plane are proposed for single band CP response. The fractal
slots on the ground plane degenerate patch fundamental mode into dual orthogonal modes, and an
optimum inter-spacing between them yields CP response. Amongst all the designs, CMSA backed by
1st order fractal U-slot cut ground plane offers optimum results. It yields 2.14% of AR BW with a peak
broadside gain greater than 5 dBi but on the substrate with thickness and patch area of 0.02λ and 1.44λ,
respectively. Against the reported fractal slot cut variations the proposed design offers CP response
with 1st order thereby reducing the design complexities. In terms of AR BW, gain, and antenna volume,
the proposed design offers better results than the reported configuration and thus provides a low profile
design option.
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