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ABSTRACT A compact low-profile square ring antenna with unidirectional radiation and dual circular
polarization (CP) is proposed for uses in radio frequency identification (RFID) readers. A small size
conducting plane are slotted and placed underneath the ring antenna as a reflector to achieve low profile
and unidirectional radiation. A branch line coupler is meandered inside the ring radiator to save space and
generate dual circular polarization. Four inverted L-shaped strips are introduced to overcome the negative
effects of tight coupling between the radiator and reflector. The measured −10 dB impedance bandwidth
of |S11|, 3 dB axial ratio (AR) bandwidth and maximum gain are of 850-1060 MHz, 876-1084 MHz and
5.62dBi, respectively. The lowest measured gain values in RFID band of 900-930 MHz is 4.54dBi and the
overall size is 0.31 λ0×0.31 λ0 ×0.034 λ0 (λ0 is denoted the wavelength at center frequency). The proposed
antenna has not only the lowest profile but also the best overall performances. It is an excellent antenna that
can be fitted where there is a limited space in RFID system.

INDEX TERMS Ring antenna, low profile, slotted reflector, circular polarization (CP), left-hand polarization
(LP), right-hand polarization (RP), radio frequency identification (RFID).

I. INTRODUCTION

Radio frequency identification (RFID) systems are widely
used in object tracking, product manufacture, sales, logistics,
etc [1]–[3]. A compact RFID reader has the high demands
for being easy to carry and use. Its antenna is expected to
have unidirectional radiation, circular polarization, high gain
and be of low-profile; they ensure not only reliable commu-
nications between RFID tags and readers but also small form
factors, light weights and compactness.
Among all the antennas suitable for RFID systems, planar

antennas are the good candidates. Two major types of them
are microstrip patch and ring antennas. The microstrip ring
antenna is the better candidate since its side length is about
one quarter-wavelength and one half of the conventional
patch antenna [4]–[6] when they both operate at its fundamen-
tal mode. The circular polarization can also be easily obtained
with the ring antenna [7]–[9]. Moreover, compared with the
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common planar inverted F antenna (PIFA), the ring antenna
has smaller volume (or form factor) and better symmetry of
radiation pattern [10]. Therefore, we select the ring antenna
as our choice for RFID readers.

The microstrip ring antenna has a narrow bandwidth,
similar to the microstrip patch antenna [7]. To have a better
bandwidth, a bidirectional ring antenna is introduced and
a distance of about one quarter of the wavelength is kept
between the ring (or radiator) and its reflector; however,
the distance of one quarter of the wavelength is too large
to meet the miniaturization requirement of compact RFID
readers.

A few techniques have been reported that reduce the
distance between a radiator and its reflector [11]–[16].
In [11], a low-profile unidirectional antenna using artificial
magnetic conductor (AMC) reflector for 2G/3G/4G base
stations is presented. The AMC surface is a periodic struc-
ture and each unit cell consists of a pair of crossed-stubs
inside a slot. Compared with common conductor reflector,
the profile height usingAMC reflector can be reduced by half.
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In [12], [13], a circularly polarized unidirectional antenna is
developed with the AMC as a reflector and its profile height is
0.16 λ0 and 0.10 λ0, respectively. In [14], a widebandmultiple
input multiple output (MIMO) patch antenna with an AMC
ground plane is proposed. The relative bandwidth can reach
31% with the profile height of about 0.19 λ0. However, AMC
structures not only are more complex but also can cause loss
of efficiency as they are built on dielectric substrates with
periodic couplings.
In [15], a compact circularly-polarized ring antenna with

unidirectional pattern is proposed. The profile height of
λ0/16 is achieved with a meandered ring which can act as an
inductive Yagi-Uda reflector. The dual circular polarization
is claimed to be achieved with two feeds. Unfortunately, the
isolation between the two feeds, |S21|, is not measured [15] to
experimentally verify the antenna design. In [16], a wideband
low-profile unidirectional antenna with profile height of 0.16
λ0 is obtained using the resonance-based reflector; however,
the profile heights are still relative larger, which cannot fully
meet the requirements for future compact RFID devices.
In this paper, a novel low-profile square ring antenna is

developed with introduction of a slotted conducting plane as
the reflector to generate unidirectional radiation. To produce
dual circular polarization, four inverted L-shaped strips are
added which also allow the optimization of the axial ratio
(AR) and isolation between the two feeds. The proposed
antenna has a smaller form factor than the existing antennas
and is very suitable for limited space-restrain RFID devices.

II. ANTENNA CONFIGURATION

The proposed antenna is composed of a square ring radi-
ator and a slotted planar reflector which are printed on
the upper-layer and lower-layer dielectric substrates, respec-
tively, as shown in Fig. 1(a). The dielectric substrates are
IT-8350G with relative permittivity of 3.5, loss tangent of
0.0025 and thickness of 0.504mm, and they are separated
by the distance of h. The square ring acts as a radiator fed
by a branch line coupler, as shown in Fig. 1(b). Four branch
lines of the coupler are meandered to save the space such that
the coupler can be fully placed inside the ring radiator. Four
inverted L-shaped strips connect to the ring. A square patch
with four symmetric slant corner-cuts is located underneath
the branch lines of the coupler and it acts as the ground.
The reflector is printed on the lower dielectric substrate;

it consists of four U-shaped strips, a cross strip and four
small square patches; all of them are printed within the ring-
shaped strip, as shown in Fig. 1(c). Alternatively, the pro-
posed reflector shown in Fig. 1 (c) can be viewed as a square
conducting plane with slots cuts. The slots on the reflector
make the equivalent coupling capacitance between it and the
ring radiator relatively small so that antenna performances
become less sensitive to profile height h in comparisons with
the conventional planar antennas that has a solid conducting
plane reflector.
Any change of any geometrical parameter can affect the

antenna performance. By optimizing the parameters with

FIGURE 1. Geometry of the proposed antenna. (a) Cross sectional view,
(b) top view (of the radiator), (c) bottom view (of the slotted ground
reflector).

simulated software of ANSYS HFSS 18, geometrical param-
eters can be finalized and a compact low-profile antenna
with dual circularly polarized unidirectional radiation prop-
erties can be obtained. The optimized dimensions of the
proposed antenna are listed in Table 1. It should be noted
here that port 1 and port 2 are diagonally symmetric in their
positions. Therefore, we only need to examine the antenna
performances with respect to port 1. In addition, the cou-
pling or transmission between port 1 and port 2 represents
the degree of the cross-polarization.

III. ANTENNA DESIGN AND ANALYSIS

In this section, design and analysis of the proposed antenna is
presented. The resonant frequency of the square ring antenna
can be estimated with the formula below [10]:

fn =
nc

4La
√

εeff
, n = 1, 2, 3 . . . (1)
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TABLE 1. Optimized Geometric parameters (unit:mm).

FIGURE 2. Radiation patterns with the proposed slotted reflector of
Lc = 100mm and with the conventional solid planar reflector of
Lt = 100mm, 150mm.

where c is the speed of electromagnetic wave in free space,
La represents the side length of the square ring, εeff is the
equivalent permittivity of the substrate, and n is the integer
representing index of the antenna operating mode. In this
paper, the proposed antenna is designed to operate at its
fundamental mode (n = 1) with La = λg/4 (λg is the guided
wavelength).

A. COMPACTNESS AND LOW-PROFILE

In principle, a unidirectional radiation antenna can be
developed from a non-directional antenna by inserting a
reflector with a distance of about λg/4 from the radiator of
the antenna. Fig. 2 shows the two unidirectional antennas
with reflectors and their performances. In the inset of Fig. 2,
the antenna I (denoted as Ant-I) and antenna II ( denoted
as Ant-II) have the same radiator but with different types of
reflector: Ant-I has a non-slotted solid conducting reflector
with the side length ofLt whileAnt-II has the proposed slotted
conducting reflector with side length of Lc.
Fig. 2 shows the comparisons of the normalized directivity

patterns of Ant-I and Ant-II with the same profile height
of h = 10mm. It can be observed that Ant-II with the
slotted reflector of Lc = 100mm can generates a much
better directivity pattern than that of Ant-I with the same

FIGURE 3. |S11| and |S21| for Ant-I and Ant-II versus profile height h.

size of Lt = 100mm. Moreover, to achieve the similar
directivity, Ant-I needs to have a reflector of Lt = 150mm
which is 50% larger in dimensions and 125% larger in area
than Ant-II. In other words, Ant-II with the proposed slotted
reflector is much more compact and smaller than Ant-I with
the conventional solid reflector. The reason, as mentioned
before, is that the slots in the reflector make the equivalent
coupling capacitance between the radiator and the reflector
relatively small so that antenna performances become rela-
tively less sensitive to profile height h in comparisons with the
conventional solid conducting plane reflector. The principle
of unidirectional radiation of the proposed antenna is similar
to that of the resonance based reflector in [17], [18], and the
central structure of the slotted reflector is used to improve the
unidirectional radiation or reduce the profile height.

The profile height of h is a crucial parameter on the
antenna’s form factor. It should as small as possible.
However, with the decrease of h, the coupling electric
field between the radiator and the reflector increases; and
accordingly, the antenna performance will tend to deterio-
rate. Fig. 3 gives the |S11| and |S21| of Ant-I and Ant-II,
respectively, when the h is first 5mm and then varied from
10mm to 100mm in a step of 10mm while Lt = 150mm
and Lc = 100mm. As shown by the blue lines in Fig. 3,
|S11| of Ant-I increase or deteriorate with decrease of h; or,
|S11| of Ant-I decrease with increase of h but it levels off at
its lowest value of about −8.2dB at about h = 80mm. In
contrast, |S11| curve of Ant-II shows a sharply dip of |S11|
to −18.5dB at h = 10mm where Ant-I has is only about
−1.1dB of |S11|. This proves that the slots in the reflector
of Ant-II are effective, which can make the antenna low
profile while deliver unidirectional radiation. This is because
the slots can adjust the current flow paths and strengths and
therefore current distributions in a proper manner such that
good impedance matching is achieved without scarifying the
radiation performances.
The isolation between port 1 and port 2, pertaining to the

antenna cross-polarization, is measured as |S21|; it is depicted
with the red lines in Fig. 3 for both Ant-I and Ant-II. |S21|
of Ant-I behaves similarly to its own |S11|: it decreases and
but levels off at about −6.4dB with increase of h. On the
other hand, |S21| of Ant-II show a sharply dip −16.1 dB
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FIGURE 4. Simulation results of (a) amplitude ratios |Ey|/|Ex| and PDs,
(b) AR of far-field component |Ey| and |Ex| of the proposed antenna at
the z-axis.

at h = 10mm. Therefore, the best value of h for Ant-II is
h = 10mm where Ant-II show much better performances
than Ant-I.

B. DUAL CIRCULAR POLARIZATION

Circular polarization can be achieved only when the
magnitudes of the two field components (i.e. |Ey| and |Ex|)
are equal and when their time-phase difference is an odd
multiple of 90 degrees. That is

|Eθ | =
∣

∣Eϕ

∣

∣

6 Eθ − 6 Eϕ =

{

+90◦, for RHCP

−90◦, for LHCP
(2)

A conventional 3dB branch-line coupler is utilized as a
feed to the two orthogonal feeding ports with the identical
magnitude and 90 degrees phase difference (PD), as shown
in the inset of Fig. 1 (b). The size miniaturization of the
coupler is achieved by meandering the branch line but keeps
the total length of λg/4 unchanged. The probe feeds are set
at port 1 and port 2, as shown in Fig. 1(b); the excitation
at port 1 is to produce the right-hand circular polarization
(RHCP) and the excitation at port 2 is to produce left-hand
circular polarization (LHCP), respectively.
Fig. 4 (a) shows the ratio of the two orthogonal far-field

electric fields, |Ey|/|Ex|, versus frequency for the proposed
antenna at the boresight when port 1 is excited and port 2 is
terminated with the matched load. It can be observed that the
|Ey|/|Ex| of the proposed antenna is closer to 1 in the RFID
operating band of 902-928MHz. Meanwhile, Fig. 4 (a) shows
the PD between the two orthogonal electric fields, and as
seen, the PD of Radiator II is generally closer to 90 degrees.
Therefore, better AR of Radiator II is achieved, as shown in
the Fig. 4 (b).

FIGURE 5. Simulated surface current distributions at the center frequency
of 915MHz. (a) ωt = 0◦ (or t = 0), (b) ωt = 90◦ (or t = T /4),
(c) ωt = 180◦(or t = T /2), (d) ωt = 270◦ (or t = 3T /4). T is the period of
the signal.

The current density distributions at different time instants
are also simulated and studied for further verification of the
circular polarization performance. Fig. 5 shows the simulated
currents at 915 MHz when port 1 is excited and port 2 is
matched with 50�. As seen, the currents flow along the
square ring as time t increases from ωt = 0◦ to ωt = 270◦

(ω is the angular frequency). At t = 0, the predomi-
nant currents on the right and left strips flow in the same
−y direction, as shown in Fig. 5 (a) and reinforce the far
fields generated by each other. At the next time instant of
ωt = 90◦, the currents on the top and bottom strips flow in
the same +x direction, as shown in Fig. 5 (a), and reinforce
the far fields generated by each other. As further seen from in
Fig. 5 (c) and (d), the predominant currents at t = 180◦/ω =
T/2 and t = 270◦/ω = 3T/4 are equal in magnitude and
opposite in phase to the currents at t = T/4 and t = T/2,
respectively.

In short, the vector sum of the predominant currents flow in
the anticlockwise direction, from −y direction, to +x direc-
tion, to +y direction and then to −x direction. Consequently,
a Right-hand circular polarization (RHCP) is generated in
the half-space of z > 0 with port 1 being excited and port
2 matched with 50�. Similarly, a left-hand circular polar-
ization (LHCP) radiation is produced in the half-space of
z > 0 when port 2 is excited and port 1 is matched with 50�.
Therefore, a dual circular polarization is achieved.

C. PARAMETRIC STUDIES

Parametric studies are performed by simulation of the antenna
parameters of |S21| and AR. Unless indicated otherwise,
only one geometrical parameter is varied each time and
the rest parameters are kept unchanged in the following
investigations.
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FIGURE 6. Variations of |S21| and AR with different dimensions of Dcut.

FIGURE 7. Variations of |S21| and AR with different dimensions of Lr3.

|S21| and AR at the boresight with varying depth of the
slant corner-cuts of the coupler’s ground, Dcut, are simulated
and the results are show in Fig. 6. When Dcut increases from
7.5mm to 11.5mm with step length of 2mm, |S21| becomes
better, while AR tends to become worse. The reason is that
the coupling between the four inverted L-shaped strips and
the slant corner-cuts ground is changed with the increases of
Dcut and hence slightly changes the current distribution on the
ring radiator. The optimal value is Dcut = 9.5mm.
The effects of the dimensions of the central structure of the

slotted reflector, Lr3, on |S21| and AR are shown in Fig. 7.
When Lr3 increases from 6mm to 14mm with step length
of 4mm, |S21| has quite variations and AR has slight vari-
ation; the lowest value of |S21| increases and shifts to the
upper frequency. The reason can be due to the changes of
mutual coupling between the ring radiator and the reflector.
The optimal value is Lr3 = 10mm.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

With the optimized parameters as listed in Table 1, the
proposed antenna is fabricated. The photo of the prototype
is shown in Fig. 8 where the two layers are separated and
supported with four plastic posts.

FIGURE 8. The fabricated prototype of the proposed antenna. (a) Top
view, (b) bottom view, and (c) side view.

FIGURE 9. Simulated and measured |S11| of the proposed antenna.

FIGURE 10. Simulated and measured |S21| and efficiency.

The prototype antenna wasmeasured with Agilent E5071C
vector network analyzer for S parameters and in our ane-
choic chamber for radiation pattern and AR. The tested and
simulated results of the reflection coefficient of |S11| are
shown in Fig. 9. The measured results show good corrob-
orations with the simulated ones. The simulated −10 dB
bandwidth of |S11| ranges from 836MHz to 1029 MHz and
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FIGURE 11. Simulated and measured AR and gain of the proposed
antenna when port 1 is excited and port 2 is matched.

the measured bandwidth ranges from 850MHz to 1060 MHz
which covers the full RFID operating bandwidth of
902-928MHz.
The measured and simulated transmission coefficient of

|S21| and the simulated efficiency are shown in Fig. 10. The
lowest measured |S21| is about −15.3dB and the simulated
|S21| is about −16.8dB in the RFID frequency band. The
simulated efficiencies are around 90% in the RFID operating
band of 902-928 MHz. The measured and simulated AR
at the boresight is shown in Fig. 11. The simulated 3dB
AR bandwidth ranges from 855 MHz to 1085 MHz and
the measured 3dB AR bandwidth ranges from 876 MHz to
1084 MHz, which fully covers the RFID frequency band
of 902-928 MHz.

The total gain patterns at the frequency of 900MHz,
915MHz and 930MHz in the xz-plane and yz-plane are sim-
ulated and measured, respectively, and the results are shown
in Fig. 12. It can be observed that the measured and simulated
results have good corroborations. Fig. 13 gives the front
gain (in z-axis direction), back gain (in the negative z-axis
direction) and the front-to-back ratio (FBR) in the frequency
band of 900-930MHz. It can be observed that the measured
front gains and back gains are larger than 4.5dBi and less
than −1.8dBi, respectively. The FBR in the RFID operating
band are in the range of 6.61-7.55dBi. The simulated gain
is 6.02dBi at f = 900MHz and increases to the maximum
of 6.28dBi at f = 908MHz, and then drops to 5.13dBi at f =
930MHz. The measured gain is 5.62, 4.89 and 4.54 dBi at the
frequency of 900, 915 and 930 MHz, respectively. They indi-
cate that the proposed antenna has good directionality even it
is of low profile. The differences between the measured and
simulated results are due to the fabrication tolerance and the
errors in measurement and simulation.

Sizes versus performances is one of the design indicators
of an antenna [19], [20]. Table 2 shows the comparison
of the antenna polarization mode (CP or linear polariza-
tion, LP), port numbers (PN), maximum measured gain,
impedance bandwidth (IBW), reflector area, profile height

FIGURE 12. Measured and simulated radiation patterns at (a) 900 MHz,
(b) 915MHz, (c) 930MHz. Port 1 is excited and port 2 is matched.

FIGURE 13. Simulated and measured front gain, back gain and FBR.

and the volume of the antennas in terms of the wavelengths
between the proposed antenna and other recently-developed
antennas. The volume comparison in terms of the wavelength
is justifiable and representative since the antenna size is
proportional to the wavelength or inversely proportional to
the operational frequency.
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TABLE 2. Comparison of the antenna size and refrormances between the
proposed and other existing antennas.

The proposed antenna has the smallest profile height
of 0.034 λ0 and the volume of 0.0033λ30 with a better mea-
sured gain of 5.62 dBi. Therefore, it is the antenna of the
similar types that has the lowest profile and volumewith good
overall performances.

V. CONCLUSION

A compact low-profile dual circularly polarized ring antenna
with unidirectional radiation has been developed for RFID
applications. Several components, such as a slotted reflec-
tor, four inverted L-shaped strips and a meandered 3 dB
coupler, are integrated to develop an antenna with a low
profile of 0.034 λ0 and a gain of 5.62 dBi in the RFID
band. In particular, the introduction of the slotted reflec-
tor and the joint optimization of the radiator and reflector
allow the development of a compact unidirectional antenna.
The proposed antenna has the smallest profile height among
the existing antennas of the similar types while maintain
unidirectional radiation and adequate bandwidth. It promises
to be a good antenna that can be used in compact RFID
devices.
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