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Abstract

In this article, an innovative design of a broadband circularly polarized compact planar
antenna for RFID (radio frequency identification) receivers is presented. The suggested struc-
ture used the concept of slots loaded parasitic element printed underneath a coplanar wave-
guide-fed radiator to achieve the circularly polarized (CP) radiation and size reduction. A
parasitic element loaded with F-slot and L-slot, and a window-type slotted ground plane
was used to achieve resonance at 2.45 GHz with right-handed circularly polarized radiation
for RFID handheld reader application. Experimental results confirmed that the designed
antenna of size 16.5 × 14.8 × 1.6 mm3 attained a −10 dB impedance bandwidth of 15.8%
(from 2.330 to 2.716 GHz) and 3 dB AR bandwidth of 3.43% (from 2.410 to 2.494 GHz).
An axial ratio of 0.43 dB was achieved in the boresight of the antenna at the 2.45 GHz
RFID band. The concept of electric field distribution on the antenna was used to elaborate
the excitation of CP radiation in the antenna.

Introduction

In recent years, radio frequency identification (RFID) has drawn considerable attention to sev-
eral commercial applications due to their compact circular polarization characteristics, such as
vehicle security, electronic toll collection, access control, asset identification, industrial and
manufacturing, etc. [1]. Many frequency bands have been designated to RFID systems, such
as ultra-high frequency (UHF) and industrial scientific-medical (ISM) bands. International
Telecommunication Union and Radio communication Sector (ITU-R) have defined an ISM
2.45 GHz band. The overall size of the readers and tags depends on the antenna size.
Usually, tag antennas are linearly polarized, and the reader antenna needs to be circularly
polarized (CP) to make it insensitive to the tag orientation. Therefore, it instigates researchers
to design circularly polarized and miniaturized antennas for RFID handheld readers. In [2], a
pair of T and U slots in a square patch is used to avoid the requirement of shorting pins to
reduce the antenna size and to have broadband radiation. The CP radiation and reduction
in antenna size are achieved by etching asymmetric slits in the four diagonals of the square
patch [3]. A handheld reader at 2.4 GHz band is designed by using a slotted patch, two short-
ing strips, and a shorting wall [4]. In [5], a combination of slits and slots are used to success-
fully reduce the size of the patch for the ISM RFID band that can be used in wireless sensors,
personal area networking, and short-range data communications. An impedance matching
and symmetrical broadside radiation is achieved by using the S-shaped impedance-matching
network that fed the dual-stacked patches via a probe in [6]. In [7], an arc-shaped strip is used
to generate two orthogonal degenerated modes to achieve circular polarization, which is an
essential requirement of the RFID band. An L-shaped plate is used to miniaturize the size
of designed antenna for RFID application [8]. In [9], truncation of corners and eight slots
in the four directions and one at the center of the square-shaped radiator are used to get cir-
cular polarization and size reduction, respectively. A coplanar waveguide (CPW)-fed antenna
with circular slots incorporated into the ground plane was used to cover the wide RFID fre-
quency band in [10] and a Wilkinson feed structure was used to generate wider 3 dB band-
width in [11]. In [12], a loop tag antenna was proposed to cover the UHF RFID band with
CP radiation. The Meandered-loop technique was used to miniaturize the size of the antenna
in [13]. Furthermore, the authors in [14] used a planar self-balanced magnetic dipole tech-
nique and the authors in [15] described a planar inverted-F antenna technique to achieve
RFID application band. A concept of the meander strip line in [16] is used to improve
axial ratio bandwidth. In [17], researchers used a dipole technique to achieve RFID band. It
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is clearly evident from the data listed in Table 1 that the proposed
antenna has the smallest size, larger beamwidth, more significant
impedance, and the axial ratio bandwidth.

In this work, a rectangular patch with an F-shaped slot and
one L-shaped slot coupled with CPW-fed rectangular ground
plane with slots is introduced to operate at RFID 2.45 GHz
band for mobile handheld reader application. The concept of
slots loaded parasitic elements printed underneath a CPW-fed
radiator is used to achieve the circular polarized radiation and
size reduction in the proposed design. The design consists of a
parasitic element loaded with F-slot and L-slot and a window-
type slotted ground plane. The concept is validated by fabricating
the designed antenna with the smallest size of 16.5 × 14.8 ×
1.6 mm3 on FR4 material and measured in the anechoic chamber.
Experimental results confirmed that the designed antenna offers a
wider 10 dB impedance bandwidth and wider 3 dB axial ratio
bandwidth. The operating principle of the antenna is explained
using electric field distribution as explained in Section “Antenna
design.” The parametrization and experimental outcomes are

discussed in Sections “Parametric studies” and “Experimental out-
comes and discussion,” respectively. In Section “Conclusion” the
design is summarized. The optimized parameters of the proposed
antenna are finally obtained using Computer Simulation
Technology (CST) Microwave Studio (MWS).

Antenna design

Figure 1 illustrates the proposed structure with detailed para-
meters of the antenna. The proposed antenna is designed on a
single layer FR04 substrate with a thickness of 1.6 mm, the relative
permittivity of 4.4, and loss tangent of 0.02. This antenna consists
of a window-type ground plane and a rectangular microstrip
radiator on the same side on the dielectric material to provide
coplanar waveguide feed. The miniaturization, CP radiation,
and impedance matching are achieved by printing a T-shaped
parasitic patch slotted with one F-shape slot and one L-shape
slot on the other side of the dielectric material. This parasitic
patch was excited through the electromagnetic coupling of the

Table 1. Performance comparison of the similar antennas

Ref. No. Size (mm3) Beamwidth (◦) 10 dB BW (MHz) AR bandwidth (MHz) Gain (dBic)

Proposed 16.5 × 14.8 × 1.6 117 386 84 3.3

[2] 35 × 35 × 1.6 108 240 – 2.22

[3] 36 × 36 × 1.524 100 46 11 4.3

[4] 40 × 16 × 6 – 170 – –

[5] 100 × 70 × 1.59 75 60 18 6.73

[6] 58 × 58 × 11 91 450 47 6.32

[9] 30 × 30 × 1.6 135 80 21 4.1

[14] 72 × 63.5 × 6 91 80 – 5.2

[15] 120 × 120 × 13.2 – 550 250 3.2

[17] 84 × 84 × 1.6 – 450 40 3.7

Fig. 1. Schematic design of the proposed antenna: (a)
side view, (b) top view, and (c) bottom view.
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main driven structure of the antenna on the other side of the
dielectric material.

In the proposed antenna structure, various slot dimensions
and shapes can be used to tune the input impedance of the
antenna, including the real and imaginary parts at the desired fre-
quency. At the outset, antenna-1 shown in Fig. 2(a) is used, but it
excites at frequency 3.06 GHz with linear polarization (Table 2),
as seen in Figs 3(a) and 3(b). In addition, the proposed design
consists of coupling components between window-type ground
plane and parasitic elements underneath of ground plane.
Therefore, the tuning range of antenna-2 becomes narrower
(see Fig. 3(a)) because the effective capacitance becomes higher
than antenna-1 (see Fig. 3(c)) and unable to achieve circular
polarization, as shown in Fig. 3(b). Similarly, the resonance fre-
quency of antenna-3 becomes lower (see Fig. 3(a)) because the

equivalent capacitance becomes higher than antenna-2 (see
Fig. 3(c)) with improved CP radiation, as shown in Fig. 3(b).
Further, the operating frequency of the proposed antenna
(antenna-4) becomes higher than antenna-3 (see Fig. 3(a))
because the effective capacitance becomes lower than antenna-3
(see Fig. 3(c)) due to the reduced patch size, and dimensions of
different slots are optimized to have a better CP radiation as
shown in Fig. 3(b).

Figure 4 reveals the E-field distribution at 2.45 GHz frequency.
Figures 4(a) and 4(b) show that the E-field distribution on
antenna-1 and antenna-2 remained non-rotational type, which per-
sists the linear polarization. However, Fig. 4(c) illustrates the E-field
distribution on antenna-3 with unequal E-field components along
the x-axis and y-axis. Figure 4(d) shows the rotation of distributed
E-field vectors on antenna-4 was due to the occurrence of the two
orthogonal E-field components along the x-axis and y-axis with
equal amplitude (see Fig. 4(e)), consequently resultant E-field vec-
tors are oriented at around 45° with respect to the y-axis.

Circular polarization mechanism

Usually, CP radiation can be excited by generating two electric
field components with quadrature phase difference and equal
amplitude [18]. The simulated electric field distributions on the
parasitic loaded patch antenna at different time phases are inves-
tigated as time instant increases from wt = 0° to wt = 360°, as illu-
strated in Fig. 5. At wt = 0°, the two components of electric field
wave radiate in −x and −y directions, respectively. Consequently,
the resultant electric field radiation makes a 45° from the −y dir-
ection (see Fig. 5(a)). At the next time instant the electric field
radiation is in the −x direction, because the electric field radiation
on the top flow in the opposite directions (i.e. −y and +y direc-
tions), canceling the radiation obtained by each other as shown
in Fig. 5(b). Further, at later time instants, the electric field rotates
anti-clockwise direction to yield the right-handed circularly
polarized (RHCP) radiation at 2.45 GHz.

Design strategy

The bottom side parasitic patch and top side ground plane
deployed with slots are used for radiation of surface current

Fig. 2. Evolution of the antenna design: (a) antenna 1,
(b) antenna 2, (c) antenna 3, and (d) antenna 4.

Table 2. Detailed parametric dimensions marked in Fig. 1(b)

Parameters Unit (mm) Parameters Unit (mm)

L 16.5 W 14.85

Lf 7.25 Wf 1.5

Lb 5.75 Wb 2.0

L1 4.5 W1 5.75

L2 2.0 W2 0.675

L3 2.5 W3 3.1

L4 1.0 W4 4.3

L5 2.25 W5 1.675

L6 3.5 W6 1.2

L7 1.5 W7 3.95

L8 4.75 W8 3.17

L9 3.25 W9 5.68

L10 2.75 t2 0.75

L11 5.75 t3 1.75

t1 1.0 t4 1.92

Niraj Agrawal et al.766

https://doi.org/10.1017/S1759078722001118 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722001118


Fig. 3. Evolution of the proposed antenna:
(a) simulated S11, (b) simulated axial ratio, and
(c) real and imaginary input impedances.

Fig. 4. Distributed E-field at 2.45 GHz for (a) antenna 1, (b) antenna 2, (c) antenna 3,
(d) antenna 4, (e) and process for the genesis of orthogonal E-field components.

Fig. 5. Distributed E-field at center frequency of 2.45 GHz for different times from
wt = 0° to wt = 360°.
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at 2.45 GHz RFID band. The surface current of antenna-2
(see Fig. 2), as shown in Fig. 6(a), at 2.45 GHz appears to flow
only in the −y direction, while there is no surface current in
the x-direction. So, it fails to achieve CP radiation. On the other
hand, after incorporating a parasitic radiator underneath the
ground plane, the surface current of antenna-4 (see Fig. 2) is
depicted in Fig 6(b). The surface current at 2.45 GHz appears to
flow in the −y direction as well as in the −x direction with
equal amplitude. It, therefore, creates two orthogonal degenerated
modes. Consequently, a good quality CP radiation is achieved at
2.45 GHz.

Parametric studies

The performance of the designed antenna was also investigated by
altering the one parameter, and others kept constant. The

simulated results were calculated, studied, and presented in this
section.

Variation of window-type slot horizontal length in top side
ground plane W3

The effect of the width W3 (c.f. Fig. 1) of the window-type slot in
the ground plane on the S11 and the axial ratio is studied in this
section. The reduction in slot width decreases the distributed sur-
face current length in the x-axis direction. A decrease in the dis-
tributed surface current length shifts the resonant frequency
toward the higher side, as shown in Fig. 7(a). Consequently, it
affects the phase and amplitude relationship between two degen-
erated modes. At W3 = 3.1 mm, it generates two orthogonal
modes with equal amplitude at 2.45 GHz band that corresponds
to a good quality CP radiation as shown in Fig. 7(b). From the
data in Table 3, the optimum value of W3 is taken to be 3.1 mm.

Variation of length L11 of F-type slot in parasitic patch

The effect of the length L11 of the F-type slot in the parasitic patch
on the S11 and axial ratio is studied. The change in length L11
mainly affects the distributed current length in the y-axis. Thus,
increases in slot length increase the distributed surface current
length in the y-axis direction, and it shifts the tuning frequency
toward the lower side, as shown in Fig. 8(a). Consequently, it
affects the phase and amplitude relationship between two degen-
erated modes. At L11 = 5.75 mm, it generates two orthogonal

Fig. 6. Simulated surface current distribution (a) at 2.45 GHz for antenna-2 and (b) at
2.45 GHz for the proposed design.

Fig. 7. Progression of the proposed structure: (a)
simulated S11 and (b) simulated 3 dB axial ratio.

Table 3. Performance of the designed antenna with variation of W3

W3 (mm)
10 dB impedance

BW (MHz)
3 dB ARBW

(MHz)
AR min value at
2.45 GHz (dB)

0.1 201 – 13.5

(2503–2704) (>3 dB)

1.1 261 – 8.65

(2444–2705) (>3 dB)

2.1 316 65 4.42

(2392–2708) (2468–2533)

3.1 386 84 0.43

(2330–2716) (2410–2494)
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modes with equal amplitude at 2.45 GHz band that corresponds
to a good quality CP radiation, as shown in Fig. 8(b). From the
data in Table 4, the optimum value of L11 is taken to be 5.75 mm.

Experimental outcomes and discussion

The Computer Simulation Technology (CST) Microwave Studio
was used to perform full-wave simulation of the proposed
antenna [19], and after optimization, the prototype of the pro-
posed antenna was fabricated on FR-04 lossy substrate. The vector
network analyzer was used to measure the various antenna radi-
ation performance at Antenna Fabrication and Measurement
Laboratory, G. B. Pant Institute of Engineering & Technology,

Pauri. Figure 9(a) displays the measured and simulated S11 versus
the frequency, where a disparity between them is primarily due to
the fabrication tolerance. According to measured S11, a measured
impedance bandwidth for the designed antenna is determined to
be 2.330–2.716 GHz (15.8%).

The simulated and measured axial ratio plots in the boresight
direction are depicted in Fig. 9(b), which shows that the min-
imum axial ratio value achieved at 2.45 GHz bands. The 3 dB
axial ratio bandwidth is 84MHz (3.43%) in RFID 2.45 GHz
band. It covers the RFID 2.45 GHz band sufficiently.

In an anechoic chamber, a linearly polarized (LP) horn antenna
is used to measure the radiation patterns in x–z (horizontal) and y–
z (vertical) plane directions. The simulated and measured radiation
pattern at 2.45 in Fig. 10(a) exhibits symmetry in both principal
planes with a small disparity between them, whereas symmetry is
an essential requirement for circular polarization radiation. The
simulated radiation patterns in horizontal and vertical planes for
2.45 GHz are illustrated in Fig. 10(b). The pattern is symmetry in
both planes, and RHCP is superior by 30 dB than left-handed cir-
cularly polarization. Outstanding cross-polarization level (30 dB) is
achieved in the broad-sight direction (θ = 0°).

Figure 11(a) depicts the coordinate plots for the 3 dB AR at the
center frequency of 2.45 GHz. It can be detected that the
minimum AR in broad-sight (θ = 0°) is 0.43 dB. Also, the pro-
posed design displays a wide half-power beamwidth of nearly
117° in the boresight direction. This performance has fulfilled
the basic requirement of a wide coverage angle for RFID receiver
systems. Figure 11(b) reveals the radiation efficiency, which per-
sists over 85% throughout the RFID receiver band.

Table 4. Performance of the designed antenna using variation of L11

L11 (mm)
10 dB impedance

BW (MHz)
3 dB ARBW

(MHz)
AR min value at
2.45 GHz (dB)

3.75 309 78 4.38

(2392–2701) (2470–2548)

4.75 344 83 2.36

(2361–2705) (2442–2525)

5.75 386 84 0.43

(2330–2716) (2410–2494)

6.75 422 80 3.12

(2292–2714) (2368–2448)

Fig. 8. Progression of the proposed structure: (a)
simulated S11 and (b) simulated 3 dB axial ratio.

Fig. 9. Simulated and measured (a) S11 and (b)
AR frequency response of the designed antenna.

International Journal of Microwave and Wireless Technologies 769

https://doi.org/10.1017/S1759078722001118 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722001118


Simulated electric field intensity for several distances in the
z-direction was presented to study the near field, as shown in
Fig. 12. For this study, a perpendicular line at the center of the
radiator was shown. Figure 12 shows the noticeable electric field
below 25 mm in the z-axis at RFID 2.45 GHz band for the
designed antenna.

Conclusion

A new design of a broadband circular polarized compact planar
antenna for RFID receivers has been successfully implemented. The
proposed structure used the concept of slots loaded parasitic element
printed underneath a CPW-fed radiator to achieve the CP radiation
and size reduction. The parasitic element loaded with F-slot and
L-slot and a window-type slotted ground plane was used to achieve
resonance at 2.45 GHz with RHCP radiation for RFID handheld
reader application. With the wide 10 dB impedance bandwidth of
386MHz (2.330–2.716 GHz), wide 3 dB beamwidth (117◦), wide 3
dB axial ratio bandwidth of 84 MHz (2.410–2.494 GHz), high gain
(3.3 dBic) and outstanding cross polarization (>30 dB) and compact
size, the antenna makes it appropriate for the RFID applications.
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