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The proposed antenna is a circular microstrip structure excited by four feeds and suspended with artificial magnetic conductors
(AMCs). The multifeed circular microstrip antennas can generate a high circularly polarized performance by using a different
feed arrangement. AMC structures with a square, circular, or octagonal patch on a unit cell are designed and applied to circular
microstrip patch antennas for the enhancement of antenna performance. It is found that simulated results of the proposed antenna
arewell suited.Theproperties ofwide beamwidthwith good axial ratio can be achievedwhen applying the proposedAMCstructures
to circular microstrip antennas. The antenna prototype was fabricated to validate simulated results.

1. Introduction

Circularly polarized antennas are particularly interesting
for many wireless communication applications, where their
typical applications vary fromwireless LAN, satellite commu-
nications, and automotive applications, especially on applica-
tions in multipath and fading environment.The advantage of
circularly polarized antennas is that specific antenna orienta-
tion and good immunity of signals in the case of multipath
propagation are not required. One type of widely used circu-
larly polarized antennas is microstrip patch antennas because
they are of light weight, low profile and low cost. However,
microstrip patch antennas are narrowband and wide-beam
antennas with narrow impedance and axial ratio bandwidths.

There are many techniques that make microstrip patch
antennas generate a circular polarization. One of them is
a multi-feed arrangement technique for circular microstrip
patch antennas. From the literature in [1], it was shown that
circular microstrip patch antennas can provide circularly
polarized characteristics by using different feed arrangement.
In addition, this technique can preserve beam symmetry and
decrease axial ratio. The finite ground plane effect was also
studied in that literature. The results indicate that a ground
plane size of 3𝜆 × 3𝜆 is quite good despite the inclusion of

finite ground plane effect, where 𝜆 is the wavelength in free
space. It makes the overall size of the antenna larger for above
applications. On the other hand, the radiation efficiency is
lower, caused by an aperture loss from larger patches, leading
to lower antenna gain.

The reflector surface structure is one useful technique
that has been employed to enhance the performance of
microstrip patch antennas such as electromagnetic band gap
(EBG) structures [2, 3]. AMCs with several shapes of patch
on a unit cell, such as rectangular shape [4, 5], modified
rectangular shape [6–8], spiral shape [9, 10], and Jerusalem
cross shape [11], have been studied to solve microstrip patch
antenna problems. In comparison between EBG and AMC
structures [12], EBGs are periodic substrates which include
small patches on a substrate with connecting vias between
the patches and the ground plane. It provides high impedance
within a certain frequency range and in-phase reflection
characteristics for the incident wave. On the other hand, there
are no vias between the patches and the ground plane inAMC
structures, but the in-phase reflection behaviour remains.The
AMC structure applications have been studied in [4–17], and
it is realized that AMC structures can enhance the antenna
performance.
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Therefore, in this work, an application of AMC structures
with several shapes of patch on a unit cell to the circular
microstrip antenna excited by four feeds is proposed. The
square, circular, and octagonal shapes of patch on a unit
cell are investigated to enhance the antenna performance,
especially bandwidth and antenna gain. It is found that sim-
ulated results of the proposed antenna are well suited for the
target specifications with improvement of the bandwidth and
antenna gain, especially the antenna with the AMC structure
of an octagonal shape of patch on a unit cell. The antenna
prototype was fabricated to validate simulated results.

The organization of this paper is as follows.The analysis of
circular microstrip antennas is briefly discussed in Section 2.
Section 3 provides the design of circular microstrip antennas
with AMC structures. The antenna prototype and measured
results are discussed in Section 4. Finally, conclusions are
given in Section 5.

2. Brief Analysis of Circular
Microstrip Antennas

For a typical circular microstrip antenna [1], its lowest mode
is the TM

11
. The fundamental mode can only generate a

broadside and linearly polarized radiation. In order to achieve
circular polarization characteristics, multiple feeds with
proper angular separation are required. Figure 1 illustrates the
geometry of the circular microstrip antenna, where 𝑑 is the
diameter of the circular patch,𝐷 is a diameter of the circular
substrate, 𝐺

𝑝
is the size of the square ground plane, and ℎ is

the thickness of the substrate with the dielectric constant of
𝜀
𝑟
. Notice that the geometry of the substrate is a circular shape

in order to enhance the radiation symmetry, and the ground
plane is suspendedwith an air gap of𝐻air between the circular
microstrip patch antenna and the ground plane.

The resonant frequency of a circular microstrip radiator
for any mode can be determined as [18]

𝑓
𝑛𝑚
=
𝑋
𝑛𝑚
𝑐

2𝜋𝑎
𝑒√𝜀𝑟

, (1)

where 𝑐 is the speed of light, 𝜀
𝑟
is the dielectric constant, 𝑎

𝑒

is the effective radius of the patch, and 𝑋
𝑛𝑚

is 𝑚th zero of
the derivative of the Bessel function of order 𝑛. Note that 𝑛
represents the angular mode, while 𝑚 represents the radial
mode. Some useful values of𝑋

𝑛𝑚
are given in Table 1.

The circular polarization mechanism by using the multi-
feed excitation can be described as follows [1]. The two feeds
with a proper angular separation are needed. With the spac-
ing, the fields generated from the two feeds are orthogonal
to each other under the patch as well as outside the patch.
In addition, with this angular spacing, one probe is always
situated in the null field region of the other probe, thus, caus-
ing very little mutual coupling between the probes. Certainly,
as is conventionally done, the two probes are required to be
fed 90∘ out of phase for achieving circular polarization. The
angular spacing between two feed probes is different for each
mode. In order to preserve beam symmetry and to keep cross-
polarization low, especially for relatively thick substrate, the
unwanted modes need to be suppressed. Generally, the two

Table 1: Useful values of𝑋
𝑛𝑚
.
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Figure 1: Circular microstrip antenna geometry. (a) Top view. (b)
Side view.

neighboring modes of a resonant mode have the next highest
magnitudes. One way to suppress these adjacent modes is
to employ two additional feed probes located diametrically
across from the two original feeds. Together, these four feeds
should have a phase arrangement of 0∘, 90∘, 180∘, and 270∘
for the odd-order modes so that the fields of the unwanted
modes from the two opposing feeds cancel. In addition, for
this configuration of the antenna from Figure 1, the left-
hand circular polarization (LHCP) or right-hand circular
polarization (RHCP) can be achieved by using proper phase
arrangement for each feed point, that is, for LHCP using 0∘,
90∘, 180∘, and 270∘ and for RHCPusing 270∘, 180∘, 90∘, and 0∘.

The effect of substrate of microstrip antenna has been
studied [18–20]. The parallel-plate effect between the patch
and the ground plane causes the fringing field to extend
beyond the edge of the patch. This increases the capacitance
between the patch and the ground plane, resulting in the
lower resonant frequency. From the experimental study of
microstrip antennas on substrate thickness [18], it results in
changing of resonant frequency, bandwidth, and impedance
of the antenna. For the effect of the substrate permittivity,
the higher substrate permittivity reduces the patch size and
the size of the radiation zone [20]. In order to preserve
beam symmetry and decrease axial ratio, the finite ground
plane effect [21–24] is considered. In practice, a large ground
plane is not realistic; therefore, practical antenna ground
plane dimensions must be finite with small size as possible.
Therefore, the ground plane of the antenna in this work
will be small finite size suitable for antenna requirements.
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In addition, an antenna with suspended ground plane can
enhance impedance and radiation performance that has been
investigated in [25]. From the previous brief analysis, it will
be employed to design the circular microstrip patch antenna
with AMC structures in Section 3.

3. Design of Circular Microstrip Antennas
with AMC Structures

In this section the AMC structure with several shapes
of patch on a unit cell is designed and applied to the
circular microstrip patch antenna for enhancement of the
antenna performance. The antenna requirements in Table 2
are employed as a guideline in this designwork.Theoperating
frequency range of wireless LAN application is used. The
antenna dimension is designed to be compact and suitable for
several applications. The substrate material is FR-4 because
it is not expensive and widely used in electronic industry.
The radiation characteristics of antenna with unidirectional
radiation pattern, circular polarization, and antenna gain of
over 5 dBic are required.

3.1. Artificial Magnetic Conductor. The AMC is one of meta-
materials exhibiting novel electromagnetic features [4–17],
where its structure has a specific property regarding its
reflection phase. It is known that a perfect electric conductor
(PEC) has a 180∘ reflection phase for a normal incident
wave, while a perfectmagnetic conductor (PMC), which does
not exist in nature, has a 0∘ reflection phase. AMCs exhibit
0∘ reflection phase like PMCs at the resonant frequency
[2]. Another property of AMCs is high surface impedance
that can suppress surface waves when AMCs are used as a
reflector of antennas. Suppression of surface waves results in
increased antenna gain and reduced back lobe level compared
to common metal reflectors [17].

In this section, AMC structures will be designed with
the operating frequency of 2.45GHz. Figures 2(a) and 2(b)
show schematic diagrams of the AMC structure with a square
patch in a unit cell, where𝑊pa and𝑊gap are the patch width
and the gap width, respectively. It is designed on substrates
with a thickness of 𝐻amc and relative permittivity 𝜀

𝑟
of 4.3

(FR-4 substrate). The equivalent circuit representation of the
AMC structure with a square patch in a unit cell is shown
in Figure 2(c), where the conducting element is represented
by the inductor 𝐿 and the interelement capacitance by the
capacitor 𝐶 [5]. Figure 2(d) shows the CST MICROWAVE
STUDIO [26] simulationmodel applied from [4]. It is initially
used to provide guidelines on the AMC design in this work.
The bandwidth of the AMC structure with a square patch is
studied by using the reflection phase. The useful bandwidth
of AMCs in a unit cell is defined as +90∘ to −90∘ on either side
of the resonant frequency since these phase values would not
cause destructive interference between direct and reflected
waves [7]. The effect of the substrate thickness of AMCs on
the reflection phase is shown in Figure 3. It is found that the
higher substrate thickness of AMCs provides the range of the
bandwidth of this AMC structure performance wider than
the lower one. The useful bandwidths of AMC are 3.22%,

Table 2: The antenna requirements.

Parameter Value
Frequency range 2400–2484MHz (Wireless LAN)
Dimension (maximum) 100mm × 100mm × 10mm
Material FR-4
Radiation type Unidirectional
Polarization LHCP or RHCP
Gain >5 dBic

6.76%, 14.45%, and 19.71%, when the substrate thicknesses are
0.8mm, 1.5mm, 3.0mm, and 4.5mm, respectively.

For the next step, the other shapes of patch on a unit cell
are investigated. Figure 4 illustrates the schematic diagrams
of the two types of AMCpatches, where Figure 4(a) is the unit
cell of circular patchwith the diameter of𝑊pa and Figure 4(b)
is the unit cell of octagonal patch with the length of a side
of regular octagon of𝑊pa. The parametric study of the patch
width and the gap width of AMC structures with three types
of AMC patches is performed in Figure 5. It is found that
the curves of the patch width versus the gap width tend to
converge when the gap width is increased. By using the same
substrate thickness of AMC structures, it is found that the
AMC unit cell with a square patch provides the patch size
smaller than the others, while the size of the circular patch is
the largest. On the other hand, the higher substrate thickness
of AMC structures provides the patch size smaller than the
lower one. Finally, the results in Figure 5 are useful in design
of circular microstrip antennas with AMC structures in the
next section.

3.2. Circular Microstrip Patch Antennas with AMC Structures.
In this section, AMC structures with three patch shapes are
designed and applied to circular microstrip patch antennas
excited by four feeds for the enhancement of antenna per-
formance. Based on the analysis in the previous section, the
resonant frequency of a circular microstrip at the operating
frequency is controlled by two parameters from (1), that is,
the radius of the radiating patch and the dielectric constant
of the substrate. Once the dielectric constant of substrate is
known, the radius of the radiating patch can be estimated by
using (1). In the next step, results in Figure 5 are considered by
properly selecting the substrate thickness and the gap width
of AMC structures of interest. Therefore, three AMC patch
shapes with the substrate dielectric constant of 4.3, 𝑊pa of
3mm, and𝑊gap of 1.25mmwill be applied to design a circular
microstrip patch antennawith ℎ of 1.5mmand𝐻air of 1.5mm.
The geometry of the circular microstrip patch antenna with
three AMC structures is shown in Figure 6.The ground plane
of microstrip patch antenna in Figure 1 is replaced with the
AMC structure of 3 × 3 unit cells, where the model-S, model-
C, and model-O are the circular microstrip patch antenna
of the AMC structure with square, circular, and octagonal
patches, respectively.

The reflection characteristics of the antenna with the
AMC structures are shown in Figure 7, where the reflection
coefficients at each port (|𝑆

11
|, |𝑆
22
|, |𝑆
33
|, and |𝑆

44
|) are

identical due to the symmetry of the feed position. It is
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Figure 2: A unit cell of AMC structures with a square patch. (a) Front view. (b) Side view. (c) Equivalent circuit. (d) Simulation model.
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Figure 3: The reflection phase characteristics of the AMC structure with a square patch in a unit cell with different thickness of dielectric
substrate, where𝑊gap = 1.25mm and the values of𝑊pa are 27.38mm, 25.6mm, 21.25mm, and 17.15mm, for𝐻amc of 0.8mm, 1.5mm, 3.0mm,
and 4.5mm, respectively.
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Figure 4: A unit cell of an AMC structure. (a) A circular patch. (b) An octagonal patch.
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Figure 5:The parametric study of the patchwidth and the gapwidth
of AMC structures at the operating frequency of 2.45GHz.

found that the presence of the AMC structures leads to wider
impedance bandwidths (|𝑆ii| is less than −10 dB) of 11.63%,
17.76% and 17.14% for the model-S, model-C, and model-
O, respectively, at the operating frequency of 2.45GHz, in
comparison to 8.67% for the reference antenna.The radiation
characteristics of the circular microstrip antenna with the
AMC structures are shown in Figure 8. It is found that the
presence of the AMC structures can reduce the back lobe
and improve the axial ratio beamwidth, although it makes
the directivity decrease.The LHCP or RHCP can be achieved
by using proper phase arrangement for each feed point as
described in Section 2. In addition, for comparison of the
axial ratio versus frequency, the axial ratios are identical and

equal to 0 dB covering over 2-3GHz due to the advantage of
the multi-feed arrangement technique.

The summary of simulated results of the circular
microstrip antenna with AMC structures at the operating
frequency of 2.45GHz is tabulated in Table 3. It is clear
that the presence of the AMC structures can enhance the
antenna performance, especially the impedance bandwidth
and antenna gain. In comparison among theAMC structures,
the circular microstrip antenna with the AMC model-S has
the maximum dimension smaller than the other models,
but its antenna performance is the lowest. On the other
hand, the circular microstrip antenna with the AMC model-
C has the best antenna performance, but it has the largest
maximum dimension. The circular microstrip antenna with
the AMC model-O has the antenna performance similar to
the AMC model-C, but its maximum dimension is smaller.
Therefore, the circular microstrip antenna with the AMC
model-O is selected as the antenna prototype in order to
validate simulated results in Section 4.

4. Antenna Prototype and Measurement

In this section, the prototype of the circular microstrip
antenna with the AMCmodel-Owas fabricated.The parame-
ters of the circular microstrip antenna are defined as follows:
𝑑 = 0.325𝜆, 𝐷 = 1.65𝑑, and ℎ = 1.5mm, where 𝜆 is
equal to 122.45mm. All feed points are excited with the TM

11

mode using a proper phase arrangement for each feed point
(0∘, 90∘, 180∘, and 270∘) to achieve LHCP for illustration
purpose and the distances from the center of the patch to all
feed points are 0.45𝑑. The AMC model-O of 3 × 3 unit cells
possesses the total size of 83.10mm × 83.10mm. The photo-
graph of the fabricated antenna prototype and its impedance
characteristics are shown in Figure 9. From Figure 9(a),
it shows the front and bottom views of the antenna prototype.
Note that the four SMA-connectors are employed to excite
the antenna prototype as shown in the bottom view. From
the S-parameter characteristics in Figure 9(b), it is found
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Figure 6: The geometry of the circular microstrip patch antenna with AMC structures. (a) Model-S. (b) Model-C. (c) Model-O.
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Figure 7: The reflection characteristics of the circular microstrip
patch antenna with the AMC structure.

that the trend of the measured S-parameters of each port
reasonably agrees with simulated results. At the 2.45GHz
operating frequency, |𝑆

11
|, |𝑆
22
|, |𝑆
33
|, and |𝑆

44
| are lower than

−10 dB covering the bandwidth for the target application,
although the center frequency of bandwidth is shifted down
to around 2.3GHz. This may be due to the fact that the
feed points on the antenna structure are not identical in
fabrication.

On the other hand, Figure 10 illustrates the measured
radiation characteristics of the circular microstrip antenna
with the AMC model-O. The measured radiation pattern
in Figure 10(a) is reasonably in good agreement with the
simulated ones, especially in the main lobe. Similarly, the
measured and simulated axial ratios in Figure 10(b) have
similar trend. It is noticed that the radiation pattern and axial
ratio are not symmetry, especially in the back lobe, caused
by the existence of SMA-connectors and coaxial lines, on the
back of the antenna for the measurement.

Figure 11 shows the measured gain and axial ratio at
𝜃 = 0

∘ as a function of frequency. In Figure 11(a), it is
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Table 3: Simulated results of the circular microstrip antenna with AMC structures at the operating frequency of 2.45GHz.

Model Model-S Model-C Model-O Reference antenna
Maximum dimension (mm) 67.50 86.25 83.10 90.00
Diameter of the patch of the microstrip antenna (mm) 36.12 41.63 39.80 55.71
Impedance bandwidth (%) 11.63 17.76 17.14 8.67
Directivity (dBi) 7.479 8.264 8.154 9.164
Gain (dBic) 6.818 7.332 7.317 6.045
Total efficiency (dB) −0.661 −0.932 −0.836 −3.119
Half-power beamwidth (deg) 80 70.6 71.7 64.9
Axial ratio beamwidth (deg) 197.43 220.38 228.34 156.76
Polarization LHCP or RHCP

0∘

30∘

60∘

90∘

120∘

150∘

180∘

−30∘

−60∘

−90∘

−120∘

−150∘z

x

𝜃

−10 dB

−20 dB

−30 dB

(a)

0
3
6
9

12
15
18
21
24
27
30

A
xi

al
 ra

tio
 (d

B)

Model-S
Model-C

Model-O
Reference antenna

0 30 60 90 150120 180
𝜃 (deg)

(b)

Figure 8: Simulated results of the radiation pattern and axial ratio of the circular microstrip antenna with AMC structures. (a) Radiation
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Figure 9: (a) Photograph of the antenna prototype. (b) The 𝑆 parameters as a function of frequency.
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Figure 11: The measured gain and axial ratio as a function of frequency. (a) Gain. (b) Axial ratio.

found that the measured and simulated gains of the proposed
antenna have similar trend in the frequency range of 2-
3GHz. Although the measured and simulated results have
similar trend, the difference may be due to fabrication error
of the antenna prototype and the measurement environment.
The measured gain at 2.45GHz is 8.14 dBic with reasonably
good bandwidth. This high gain is due to the presence of
the high AMC surface impedance, resulting in a suppression
of surface waves, increased antenna gain, and reduced back
lobe level [17]. In addition, the measured axial ratio as a
function of frequency is shown in Figure 11(b). It is found
that the measured axial ratio is mostly less than 3 dB in

the frequency range of 2-3GHz. Therefore, it is clear that
the AMC structures can be used to enhance the antenna
performance.

5. Conclusions

Theproposed antenna is a circularmicrostrip antenna excited
by four feeds and suspended with AMCs. Three AMC
structures with square, circular, and octagonal patches are
designed and applied to the circularmicrostrip patch antenna
to enhance the antenna performance. In the AMCdesign, it is
found that the larger substrate thickness ofAMCs can provide
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the range of the bandwidth of AMC performance wider than
the smaller one. In addition, it is found that the AMC struc-
tures can enhance the antenna performance, especially the
impedance bandwidth and antenna gain. Among three AMC
structures, the circular microstrip antenna with the AMC
model-S is the most compact, but its antenna performance
is the worst. On the other hand, the antenna with the AMC
model-C provides the best antenna performance with the
largest maximum dimension. However, the antenna with the
AMCmodel-O compromises the formers and is employed in
this study. Finally, the antenna prototype was fabricated to
validate simulated results. It is found that the simulated and
measured results possess similar trend. The development of
this antenna will be performed in the future work, especially
the feeding network and antenna performance for specified
applications.
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