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ABSTRACT: This paper presents a coaxially fed, miniaturized tri-band circularly polarized (CP) antenna with a single layer patch config-
uration. Broadside radiation is achieved in the L5 band (1.176GHz), L1 band (1.575GHz), and S band (2.49GHz), through the strategic
excitation of higher-order modes (TM20 and TM30). The antenna design integrates slots and capacitors to reduce the operating frequency,
efficiently excite all three modes, and achieve circular polarization within the designated bands. Each frequency band can be indepen-
dently tuned with minimal effect on the performance of other bands. Moreover, it also facilitates the tuning of polarization sense (from
RHCP to LHCP and vice versa) across all three bands. The proposed antenna radiates RHCP at L5, L1, and S bands, with a gain of
1.3 dBi, 1.5 dBi, and 2.7 dBi, respectively. A prototype with dimensions of 0.15λL5 × 0.15λL5 has been developed and fabricated to
validate the antenna’s performance.

1. INTRODUCTION

Rapid advancement in the wireless communication with
multiple frequencies has led to an increase in the de-

mand of multiband circularly polarized antennas, which can
mitigate the Faraday rotation effect and multipath interfer-
ence [1, 2]. Nowadays, circular polarization is exclusively re-
quired for Global Positioning (GPS) System [3, 4], Global Nav-
igation Satellite (GNSS) System [5, 6], Wireless Local Area
Networks (WLAN) [7], Radio Frequency Identification (RFID)
systems [8]. Many agencies, like the Indian Space Research
Organisation, NASA, and the Chinese National Space Admin-
istration, are adopting tri-band CP operation, especially for de-
fence purposes, to achieve higher accuracy and avoid any dis-
crepancies during unavoidable situations like war. Moreover,
many industries also demand tri-band systems containing GPS
and WLAN transceivers.
Various multiband antennas have been developed using

stacked patches, metamaterials, fractal geometry, slot and
stub loading, modified monopoles, slotted bow ties, and
dielectric resonators [9–18]. Stacked patches are commonly
used for multiband circularly polarized (CP) antennas [10, 11];
however, they require separate feed layers and multiple patch
layers for each band, which increases thickness and bulkiness.
Dhara et al. proposed a G-shaped patch with semi-circular
slots for tri-band CP operation, but it suffered from an omni-
directional pattern and pattern impurity across all bands [12].
In [13], the authors introduced diagonal and E-plane slots in
a double-layer patch antenna to support GPS L1 (1.575GHz),
L2 (1.227GHz), and DVBH (1.45GHz). However, this design
functions as a dual-band antenna that covers both L1 and L2.
Rai et al. used composite right left handed transmission lines
to design a compact dual-band antenna. Though the work is
commendable, its linear polarization and different patterns in
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E and H planes limited its application for navigation [14].
A dielectric resonator antenna (DRA) with an Alford loop
reported in [15] achieves tri-band CP for GSM, WLAN, and
WiMAX but has an omnidirectional pattern and high thickness,
limiting its applications. Tharehalli Rajanna et al. proposed a
coplanar waveguide (CPW) fed truncated slot patch with split
ring resonators (SRRs) to create a tri-band CP antenna [16];
however, it had a significant back lobe at certain frequencies
and large dimensions (1.78λ × 1.78λ). Tan and Chen utilized
slots and stub loading on an aperture-coupled patch to achieve
tri-band CP [17]. This design increased size due to separate
patch and feed layers separated by an air gap, and the aperture
coupling led to back radiation, limiting integration with active
circuits. Other authors have proposed tri-band CP antennas
using annular slots [18] and SRRs, as well as strips loaded
rectangular slot antennas [19], but both designs experience
high back radiation and interference from nearby metallic
components. Reddy and Sarma proposed a fractal based
single layer tri-band CP antenna [20], but unwanted nulls were
observed in the broadside direction.
A tri-band antenna is necessary for precise vehicle and vessel

tracking using Navigation Satellite Systems (NVS). Since these
antennas are intended for handheld devices or small gadgets,
miniaturization is essential. To the authors’ knowledge, single
patch layer based tri-band compact CP antenna using slots and
capacitors (without increasing antenna size) with the feasibility
to tune resonance frequency, as well as the polarization sense,
is not available in literature.
In this work, a tri-band CP antenna, having broadside pat-

tern with pattern purity at all three bands, is proposed. Fur-
thermore, a fully backed ground plane facilitates its integration
with active circuits, thus catering to the requirement of active
antenna for navigation purpose [25, 26]. Electric fields of TM20

and TM30 modes are tailored to achieve broadside pattern at all
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FIGURE 1. Evolution of tri-band antenna. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4.

three bands. The requirement of having simple miniaturized
antenna for multiband handheld system as well as vehicles and
vessels can also be fulfilled by the proposed miniaturized an-
tenna of size 0.15λL5 × 0.15λL5 (where λL5 is the free space
wavelength at L5 band). The antenna is designed, fabricated,
and tested. Section 2 discusses the detailed design process of
the proposed antenna. Antenna performance and the compari-
son of simulated and measured results are shown in Section 3.
The paper is finally concluded in Section 4.

2. ANTENNA DESIGN
Multiband operation using a single microstrip patch antenna
can be achieved by manoeuvring its higher order modes [21].
It is obtained mainly by four methods — (a) partial loading of
metamaterials [22], (b) addition of reflector cummetalens [23],
(c) using slots, stubs, and shorting pins [15], and (d) using slots
and parasitic elements [24]. The first two methods lead to the
increase in antenna size and hamper the efficiency. Although
efficiency can be later restored by adding lenses and AMCs, it
leads to increase in antenna size and complicates the antenna
development. The other two methods use strategic placement
of slots, shorts and parasitic elements without increasing the an-
tenna size. TM10 has a wide beam broadside pattern whereas
TM20 mode has a conical pattern, and TM30 mode produces
broadside with multiple beams. In this manuscript, the last two
methods of controlling higher order mode electric fields are
wisely utilized to tailor the TM20 and TM30 modes to achieve
broadside radiation in L1, L5, and S bands.
A single square patch antenna is the key module for the pro-

posed tri-band antenna. The evolution of single band CP an-
tenna to tri-band CP antenna is shown in Fig. 1. At first, a
coaxially fed square patch is designed to operate at L5 band as
shown in Fig. 1(a). A high dielectric substrate is used to minia-
turize the antenna. Two degenerate modes TM10 and TM01

with equal magnitude and 90◦ phase difference (prime require-
ment for CP generation) are obtained by diagonal feeding and
optimizing length and width of the square patch. Later, two
pairs of unequal slots are cut on the patch, parallel to its sides,
to tailor the TM30 mode, as shown in Fig. 1(b).
Slots are positioned near the radiating edges, where TM10

mode has minimal current while TM30 mode has significant
current. Consequently, the radiation characteristics associated
with the TM10 mode remain almost unaffected, similar to those
of the unperturbed patch. However, the TM30 mode current

distribution is highly modified, and TM30 current circulates
around the slots, achieving resonance and broadening the cen-
tral current distribution to resemble that of the TM10 mode. In-
troducing slots brings down the resonance frequency of both
L5 band and S band. Hence, patch and slot dimensions are op-
timized to achieve the radiation at the intended frequency of L5
and S bands. The length of slots and their positions are adjusted
to bring down the resonance in the desired frequency at S band
(2.49GHz). Unequal lengths of the two orthogonal slots (L1

& L2) are optimized to achieve circular polarization. Here, L1

is kept greater than L2, thus f30 leads f03 by 90, resulting in
RHCP.
These slots also modify the current distribution of TM20

mode, as the reduction in the effective patch size prevents com-
plete cancellation of the opposing currents, which is a crucial
factor in achieving a null in the broadside direction. Further,
another two pairs of orthogonal slots are cut on the patch as
shown in Fig. 1(c). Slots are positioned between the center
of the antenna and the outer slots significantly modifying the
TM20 mode current. The inner slot dimensions and their lo-
cations play a critical role in TM20 mode radiation. The inner
slot dimensions and locations are optimized to alter the TM20

mode’s current density, achieving a broadside pattern. Addi-
tionally, incorporating capacitors, as shown in Fig. 1(d), fur-
ther reduces the TM20 mode’s resonant frequency, making it
suitable for the intended application in L1 band. Similar to the
TM30 mode slots, uneven lengths of slots L3 and L4 are used
to achieve circular polarization. Employing slots and capaci-
tors results in the following advantages:

• The resonant frequency of both TM20 and TM30 modes is
significantly lowered.

• The TM20 mode’s null pattern is transformed into a broad-
side pattern.

• The TM30 mode’s triple-lobe radiation pattern becomes
similar to that of the TM10 mode.

The proposed final antenna is shown in Fig. 2(a). The an-
tenna, providing RHCP at all three bands, is designed on a
TMM 13i substrate (with dielectric constant ‘εr’ and thickness
‘h’) of size ‘Ls’. A square patch of length ‘Lp’ and width ‘Wp’
is loaded with 8 slots. An outer pair of slots with lengths ‘L1’,
‘L2’ and width ‘W1’ are cut at a distance ‘S′

1 from edge of the
patch, whereas inner slots of length ‘L3’ & ‘L4’and width ‘W2’
are introduced at ‘S2’ distance from the edge of outer slot as
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FIGURE 2. (a) Simulation model, fabricated antenna, (b) Top view, and (c) 3D view.

(a) (b) (c)

FIGURE 3. Simulated variation of (a) S11 with frequency, radiation pattern at (b) L5 band and (c) S band of Stage-2 antenna (L5+ S dual bands).

(a) (b) (c)

FIGURE 4. Surface current distribution at (a) L5 band (1.176GHz), (b) L1 band (1.575GHz), and (c) S band (2.49GHz).

shown in Fig. 1(c). The antenna is coaxially fed at ‘xf ’, ‘yf ’
from centre of the antenna. All the design parameters are tabu-
lated in Table 1.

TABLE 1. Design parameters of the proposed antenna.

Parameter Value Parameter Value
Ls 39mm L3 16.4mm
Lp 30.3mm L4 16.2mm
W p 30.6mm W 1 1mm
X f −1.9mm W 2 1mm
Y f −2.2mm S1 1.9mm
L1 21.0mm S2 2.4mm
L2 20.8mm Cap 2.7 pF

S band and L1 band operation can be tuned individually us-
ing outer and inner slots respectively without affecting the L5
band much. Moreover, the patch size can be modified to adjust

the antenna performance at L5 band. In addition to that, having
separate tuning parameters for each band gives us the freedom
to tune the polarization of the antenna at individual band. Any
band can be converted from LHCP to RHCP and vice versa just
by adjusting the slot length of the orthogonal slots. Theoreti-
cally, the proposed antenna has freedom to achieve any of the
8 sets of possible polarization. L1 and L2 are adjusted to vali-
date the above statement. The proposed antenna has L1 longer
than L2 to generate RHCP at L1 band. Making L2 greater than
L1 allows us to alter the polarization of L1 band from RHCP to
LHCP.

3. RESULT AND DISCUSSION

3.1. Simulated Results
All the antenna stages are modelled and simulated in the 3DEM
solver Ansys HFSS 2020. As described in the design section, at
first a single band CP antenna is designed, and further slots are
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FIGURE 5. Simulated and measured variations of S11 with frequency.

(a) (b) (c)

FIGURE 6. Variation of S11 with (a) capacitor value, (b) L3 and L4, and (c) L1 and L2.

(a) (b) (c)

[Measured RHCP (

[Simulated RHCP ( Ø = 0 ), (   Ø = 90 ), LHCP(   Ø = 0o o ), (o
Ø = 90 )]

o

Ø = 0 ), (   Ø = 90o o), LHCP(   Ø = 0 ), (   Ø = 90 )]
o o

FIGURE 7. Simulated and measured radiation patterns at (a) L5 band (1.176GHz), (b) L1 band (1.575GHz), and (c) S band (2.49GHz).

introduced to tailor TM30 mode and achieve dual band (L5+ S)
CP antenna. The S11 and radiation pattern of stage 2 antenna
are shown in Fig. 3. Form Fig. 3, it can be deduced that stage
2 antenna attains dual band RHCP operation. The surface cur-
rent distribution of the proposed (stage 4) antenna, at all three
bands, is shown in Fig. 4. It confirms that the outer slots are
responsible for S band while the inner slots and capacitor gov-
ern the radiation in L1 band. The analyzed S11 of the tri-band
antenna is shown in Fig. 5, with S11 < −10 dB bandwidth of
12MHz, 7MHz, and 24MHz at L5, L1, and S band, respec-
tively. As discussed in the previous section, each band of the
antenna can be tuned separately without significantly affecting
the other bands.
The variation of S11 with the capacitor value and length of

the slots is shown in Fig. 6. It can be clearly observed from

Fig. 6(b) that varying L1 and L2 affects only the S band. Sim-
ilarly, Figs. 6(a) and 6(c) depict the effect of varying the ca-
pacitor and inner slot lengths (L3 and L4) respectively. We
can observe that increasing the capacitor value and slot length
reduces the operating frequency of L1 band with a negligible
effect on the L5 and S bands. Thus, the proposed antenna has
the feature to independently control the operating frequencies
in each band.
Figure 7 shows the simulated radiation pattern at the L5, L1,

and S bands, respectively. Fig. 8 illustrates the analyzed axial
ratios of the antenna, 0.5 dB, 0.1 dB, and 2 dB at L5, L1, and
S bands, respectively. Antenna radiates RHCP with gains of
1.3 dBi, 1.5 dBi, and 2.7 dBi at L5, L1, and S bands, respec-
tively, as shown in Fig. 9.
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(a) (b) (c)

FIGURE 8. Axial ratio at (a) L5 band (1.176GHz), (b) L1 band (1.575GHz), and (c) S band (2.49GHz).

(a) (b) (c)

FIGURE 9. Gain at (a) L5 band (1.176GHz), (b) L1 band (1.575GHz), and (c) S band (2.49GHz).

(a) (b) (c)

[Simulated Co pol ( Ø = 0 ), (   Ø = 90 ), Cross pol(   Ø = 0o o ), (o
Ø = 90 )]

o

FIGURE 10. Radiation pattern of antenna (with modified L1 band polarization, i.e., LHCP at L1band and RHCP at L5 and S band). (a) L5 band
(1.176GHz), (b) L1 band (1.575GHz), and (c) S band (2.49GHz).

3.2. Measured Results

The antenna is fabricated using photolithography in Space Ap-
plications Centre, Ahmedabad, and the fabricated antenna is
shown in Fig. 2(b) and Fig.2(c). Here, commercially available
0402 package, murata capacitors ‘GJM1555C1H2R0WB01D’
(2.7 pF± 0.05 pF) are mounted on the inner slots.
The S11 of the fabricated antenna is measured using a vector

network analyzer, and the performance is shown in Fig. 5. It is
clear that the measured S11 closely matches the simulated one.
The antenna radiation pattern is measured in the tapered ane-
choic chamber of SpaceApplication Centre, Ahmedabad. Mea-
sured radiation patterns are plotted in Fig. 7, verifying that the
antenna radiates RHCP at all three bands (L5, L1, and S band).
Fig. 8 and Fig. 9 show the simulated and measured axial ra-
tios and gains, respectively, at all three frequency bands. Gains
of 0.9 dBi, 1.3 dBi, and 2.4 dBi are achieved at L5, L1, and S
bands, respectively. Axial ratio of less than 3 dB is achieved at
all three bands.

Figures 5–9 demonstrate that the simulated and measured
performances are in close agreement. Minor variations can be
attributed to the capacitor parasitics and fabrication tolerances.
The proposed antenna also has the capability to tune the po-

larization from RHCP to LHCP. Values of L3 and L4 are re-
versed to produce LHCP at the L1 band, and the performance
is shown in Fig. 10. It is confirmed that by modifying L3 and
L4, the antenna radiates LHCP at L1 band and RHCP at L5 and
S bands. Hence, it can be concluded that the polarization of
L1 band is reversed, while the polarization as well as the per-
formance of L5 and S bands are preserved. Additionally, L1

and L2 can be tuned to convert the antenna polarization from
RHCP to LHCP and vice versa at the S band. The compari-
son of this work with prior works are tabulated in Table 2. The
proposed antenna provides a compact viable option for multi-
band applications, especially for GNSS and Wi-Fi. Although
this structure has a narrow bandwidth, it is an ideal option for
low cost navigation applications, where small bandwidth is re-
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TABLE 2. Comparison with the prior works.

Ref. Size Central frequency Gain (dBi) Polarization tunability
21 0.72λ2 2.45,3.35, 4.35 7.5, 8.7, 8.7 Yes
22 0.5λ2 1.22,1.57,2.31 4, 4.6, 5.7 No
26 0.3λ2 1.83, 2.5,3.1 2.7,4.2,3.5 Yes
27 0.95λ2 2.63,3.45, 4.65 6.6,3.9,6.7 No
28 0.4λ2 2.45, 3.4, 5.8 6.5, 4.5, 3 No

This work 0.15λ2 1.176,1.575,2.49 1.3,1.5,2.7 Yes

quired, and size is crucial. Most vessels and vehicles use these
kinds of miniaturized antennas for navigation. Moreover, the
bandwidth and gain of the proposed antenna can be increased
by reducing the dielectric constant of the substrate and increas-
ing the size of the ground (either by mounting it on a big ground
plane or increasing antenna size).

4. CONCLUSION
A miniaturized tri-band circularly polarized (CP) antenna has
been designed, developed, and tested. The coaxially fed single
substrate patch features eight slots and four capacitors, radiat-
ing right-hand circular polarization (RHCP) at the L5, L1, and
S bands. Slot and capacitor loading is employed to manipulate
higher-order modes and achieve multiband operation. Results
demonstrate that higher-order modes, such as the TM20 mode
with a null at the center and the TM30 modewithmultiple lobes,
can be modified to produce a broadside pattern similar to that of
the TM10 mode. Moreover, the antenna includes separate pa-
rameters to tune all three frequencies, enabling modifications
in the frequency of operation and adjustments in polarization
sense (i.e., from RHCP to LHCP and vice versa).
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