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Abstract—In this paper, a small (20 × 20 × 2.4 mm) loaded
microstrip patch antenna (MPA) with an asymmetric artificial
magnetic conductor (AMC) as a ground plane is designed for
millimeter wave applications. Two AMC structures are proposed; one has the property of a 0◦ reflection phase around
28.4 GHz, with a symmetric geometry, which makes the reflection phase insensitive to variations in both polarization and
incident angle. This symmetric AMC structure ensures angular stability which is considered as a major requirement when
periodic structures are used as antenna ground planes. The
other structure is characterized by an asymmetric geometry
and shows an interesting behavior around 28.6 GHz, where
a discontinuity in the reflection phase appeared due to the fact
that surface impedance nature changed from purely capacitive
to purely inductive. This paper studies the effects of the two
proposed AMC structures on the performance of MPAs, by using an array of 8 × 8 unit cell elements as an artificial ground
plane. Simulation results show that an MPA with a symmetric AMC ground plane offers better impedance matching and
a wider bandwidth. Compared with conventional MPAs, gain
is enhanced and directivity is improved as well. As far as an
MPA with an asymmetric AMC ground plane is concerned,
its performance in terms of gain and directivity is higher than
that of the conventional solution.
Keywords—artificial magnetic conductor, gain enhancement,
microstrip patch antenna, millimeter wave, reflection phase.

1. Introduction
Millimeter wave frequency bands are receiving much attention today in modern wireless communication systems [1],
such as 5G. This part of spectrum covers frequencies from
30 to 300 GHz, which corresponds to wavelengths from
1 to 10 mm. The use of this band for the design of
a data transmission system offers a number of advantages,
for example high throughput and ability of designing a radio link with high directivity [2]. However, communications at frequencies of approximately 60 GHz suffer from
high propagation losses due to RF energy absorption by
oxygen in the atmosphere [3].
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The microstrip patch antenna has been an attractive choice
in mobile and wireless communication, because of its low
profile, compact design, low cost, easy fabrication and integration with devices. Microstrip patch antennas are also
a crucial part of MIMO array aerial systems [4], [5] widely
used in 5G communication applications. Due to such disadvantages as narrow bandwidth, low efficiency and surface
wave losses, improved types with big, periodic structures
operating at microwave or millimeter wave resonance frequencies are commonly used. These structures are called
electromagnetic band-gap (EBG) i.e. are a class of periodic dielectric, metallic, or composite materials that when
introduced to an electromagnetic wave, offer a great performance improvement.
A mushroom type EBG has the propriety of a high
impedance surface (HIS) and is characterized by in-phase
reflections at the resonance frequency [4]–[6]. A uniplanar
EBG is a periodic structure with the property of in-phase
reflections, just as in the case of the mushroom type EBG,
but with no via connection to the ground plane. The absence of via makes its integration with millimeter and microwave circuits easier [7]. The in-phase reflection could
be achieved by using the perfect magnetic conductor (PMC)
which does not exist in nature. Hopefully, similar characteristics may be achieved by an artificial magnetic conductor
(AMC) which is a solution allowing to overcome numerous
disadvantages of microstrip antennas operating within the
microwave range. It is used as the ground plane to enhance
radiation performance, such as uni-directional radiation patterns and the antenna’s peak gain [8]–[12]. When the AMC
is printed in the same plane as the microstrip antenna, it
improves its scattering performance by reducing the radar
cross section [13]–[16]. This technique is often used for
developing high isolated MIMO antennas [17]. The AMC
is also used as a ground plane in textile-based antennas for
wearables [18]–[20], in order to suppress back radiation.
In [21], a planar circular cross AMC-based ultra-wideband
(UWB) antenna is used to enhance the radiation pattern and
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gain. The microstrip patch antenna based on an asymmetric AMC ground plane is also studied in [22], where it is
used as a reflection plane to achieve both good bandwidth
and a low level of cross-polarization.
In this paper, a simple miniature design of AMC unit cells
resonating in the millimeter wave band is presented. The
presented unit cell and antenna designs are very simple,
making them easy to fabricate and integrate in millimeter wave applications. The presented design has a wide
bandwidth, which makes this aerial suitable for broadband millimeter wave antenna applications, and by using an
8 × 8 array of unit cells underneath of the conventional
microstrip antenna, gain and the directivity are clearly improved as well.
The paper is organized as follows. First, the design and the
characteristics of the proposed symmetric and asymmetric
AMC are presented in Section 2, where we also analyze
their reflection phase and surface impedance properties. In
Section 3, the performance of the antenna over an asymmetric AMC ground plane is studied and compared with
an MPA with a symmetric AMC ground plane, and with
a conventional MPA. Finally, conclusions are presented in
Section 4.

Fig. 1. Top view of the unit cell: (a) asymmetric and (b) symmetric designs.

2. Proposed Asymmetric AMC Design
The AMC material is characterized by two important properties, namely high impedance for transverse electric (TE)
and transverse magnetic (TM) wave polarization, and for
all propagation directions. Its other peculiar property is the
fact that it reflects the impinging waves with a zero-phase
shift. It is called AMC, because its tangential magnetic
field is zero at the surface.
To study these properties further, we designed a 2D planer
asymmetric AMC unit cell. According to [4], the lumped
element model describes the AMC structure as an LC resonant circuit. Inductance L and capacitance C are determined by the unit cell geometry and its resonance behavior
is used to explain the properties of AMC, such as surface
impedance and reflection phase, which are defined as [23]:
Zs =

jω L
,
1 − ω 2 LC

(1)

1
ω0 = √
,
LC

(2)

h Z −η i
s
,
Phase = Im ln
Zs + η

(3)

where Zs is the impedance surface, ω is the angular frequency, and η is the impedance of free space.
The geometry of the asymmetric unit cell consists of
a square patch with two slots with the same width
w = 0.1 mm. The slotted patch is placed above a ground
FR4 epoxy substrate with dielectric constant εr = 4.4 and

Fig. 2. Simulation model of the unit cell.

h = 0.8 mm. The period of the unit cell is p and the remaining dimensions (in mm) are shown in Fig. 1a. HFSS
software was used to simulate the characteristics of the
unit cell. Figure 2 shows the unit cell simulation, the master/slave boundaries are defined on the side walls of the air
box, and the Floquet port is located on its top face to model
an infinite periodic structure. The Floquet port allows to
conduct research on the incident plane wave for different
incident and polarizations angles.
2.1. Reflection Magnitude
Figure 3 shows the magnitude of the reflection coefficient
when the polarization angle of the incident wave ϕ = 0
and for different values of incident angle θ . Figure 3a
shows that the asymmetric AMC structure is fully reflective at two resonance frequencies: 25.41–25.62 GHz and
36.34–37.92 GHz. A slight variation in the resonant frequencies is observed for different θ angles, which means
that the asymmetric structure is insensible to variations in
the incident oblique angle. We observe also an attenuation
in the reflection magnitude at the resonance points. For the
lowest resonance frequency, attenuation reaches −12.88 dB
and −4.09 dB for the highest resonances at θ = 60◦ .
As far as the symmetric AMC structure is concerned, there
is only one resonance frequency and when the incident
angle increases, the resonance frequency also increases
slightly from 28.6 GHz for normal incidence to 29.1 GHz
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for θ = 60◦ as shown in Fig. 3b. The attenuation in the
reflection magnitude is observed and reaches −3.61 dB for
θ = 60◦ , which is less than for the asymmetric AMC.
The magnitude of the reflection coefficient for a TM polarized wave is plotted in Fig. 4 for different θ values.
There are two resonance frequencies for an asymmetric
AMC structure, and one for the symmetric version. The
resonance point slightly varies with changes in θ . The lowest resonance points are 19.6, 18.24, and 19.13 GHz, and
the highest ones are 36.33 GHz, 36.88 GHz, and 36.64 GHz
for 0◦ , 30◦ , and 60◦ , respectively. Note that unlike for the
symmetrical AMC structure, the resonance frequencies for
TE polarized waves are not identical with those for TM
polarized waves, due to the asymmetric geometry of the
proposed unit cell. For the sake of clarity, we have only
plotted the reflection magnitude of the proposed asymmetric AMC unit cell for ϕ = 0◦ , because the results for 90◦
of the TE polarized wave are equivalent to those of the TM
polarized angle for 0◦ .
2.2. Reflection Phase
Here, the reflection phase of the proposed AMC structure
for the two polarization states of the impinging plane wave
is presented. Figure 5 shows the TE polarization wave and,
according to the criterion of the reflection phase being
within the range of −90◦ to +90◦ , two bands shown in
the asymmetric AMC structure. The first is centered on
25.4 GHz, and the other on 37.9 GHz unlike in the symmetric geometry, where one band appears around 28 GHz.
As shown for both AMC structures, the phase changes are
insignificant, which means that the proposed structure is
not sensitive to oblique incident angle variations. The phase
discontinuity for the asymmetric AMC is observed between
low- and high-resonance frequencies, which is the most interesting behavior and the main difference between the two
studied geometries.
In the case of a TM polarized incident wave, the reflection phase shows the same pattern but both lower and
higher resonant frequency points move toward the lower
frequency band, as shown in Fig. 6a, with the first band
being around 19.6 GHz, and the other around 36.3 GHz.
The point of discontinuity is also shifted downward and
centered on 25 GHz. One may notice that the phase reflection of the asymmetric AMC is insensitive to the incident
oblique angle. The same behavior is observed for symmetric AMC structures, as illustrated in Fig. 6b.
When comparing TE and TM polarized incident waves,
one may notice that the reflection phase of the asymmetric
AMC structure does not exhibit the same behavior for TE
and TM. For the symmetric AMC structure, the center of
the operating band is the same and the bandwidth becomes
wider than that for TE.

Fig. 3. Reflection magnitude for TE polarization wave, three
oblique incident angles and polarization angle ϕ = 0◦ : (a) asymmetric AMC and (b) symmetric AMC.

2.3. Impedance Surface of the Unit Cell
The impedance surface versus frequency and the behavior of impedance around frequencies where the disconti58

Fig. 4. Reflection magnitude for a TM polarization wave for
different oblique incident angles and polarization angle ϕ = 0◦ :
(a) asymmetric AMC and (b) symmetric AMC.
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Fig. 7. Impedance of the proposed AMC unit cell for normal
incidence and for a TE polarized wave: (a) asymmetric AMC and
(b) symmetric AMC.

Fig. 5. Reflection phase for a TE polarization wave for different
oblique incident angles: (a) asymmetric AMC and (b) symmetric
AMC.

Fig. 8. Impedance surface of the proposed AMC unit cell for
normal incidence and for a TM polarized wave: (a) asymmetric
AMC and (b) symmetric AMC types.

nuity of the phase has occurred are shown in Figs. 7–8
both two polarizations. High impedance is observed around
25.4 GHz and 37.9 GHz for the TE polarized wave, and
around 19.5 GHz and 36.3 GHz for the TM polarized wave.

Fig. 6. Reflection phase for a TM polarization wave for different
oblique incident angles: (a) asymmetric AMC and (b) symmetric
AMC.

These values are identical with the frequencies obtained
for the in-phase reflection phase θ = 0◦ . At the discontinuity point observed in the phase, the nature of impedance
changes from capacitive to inductive, which leads to phase
discontinuity. For clarity, a zoomed view around this point
of impedance is inserted in Figs. 7 and 8. As we can see,
around 28.54, and 24.45 GHz, impedance type changes
from capacitive to inductive, for a TE polarized wave and
a TM polarized wave, respectively. For the symmetric
AMC, the results are in agreement with the reflection phase
in terms of resonance frequency points and bandwidth. All
resonance points at the 0◦ reflection phase are corresponding to those for the maximum value of the real part of
impedance.
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3. Results and Discussion
The geometry of a conventional microstrip patch antenna
with and without the proposed AMC ground plane is shown
in Fig. 9. A rectangular microstrip patch antenna of dimensions Wp × L p , excited by a 50 Ω microstrip line, is located
on a 20 × 20 mm FR4 epoxy substrate, with relative permittivity of εr = 4.4 and thickness of 1.6 mm. The same
conventional MPA with no dimensional changes is placed
directly above this new ground plane, as illustrated in
Fig. 9c–d.

is due to the in-phase reflection between the image currents
created by the radiator patch on the AMC ground plane.
The lowest frequency is reduced to 28 GHz and to 28.4 GHz
for the antenna loaded by symmetric and asymmetric AMC
ground plane, respectively. This is due to the capacitance
effect of the AMC structures. However, the higher frequency does not change, which leads to an enhancement in
bandwidth. Thus, the antenna with the asymmetric ground
plane has an impedance bandwidth of 23.75%, while the
bandwidth for the antenna with the symmetric ground plane
is 25%, and the bandwidth for the conventional aerial is
22.22%, for S11 < −10 dB.
Gain is depicted, as a function of frequency, in Fig. 11. It
reached the maximum around 31.4 GHz. This is near to
the value where the phase of the asymmetric AMC structure shows discontinuity, and the nature of the impedance
surface changes from capacitive to inductive, for a TE polarized wave. A considerable enhancement of gain is achieved,
and the peak gain around this point reaches 8.6 dBi for
the proposed asymmetric AMC ground plane-based MPA,
where the gain of the conventional MPA is 2.8 dBi, which
means an enhancement of 207.14%. The peak gain for the
antenna with the symmetric AMC ground plane is 7 dBi at
31.4 GHz, and an enhancement of 148.2% is achieved. This
value of frequency is almost the same as that of the symmetric AMC unit cell which has the property of a 0◦ reflection

Fig. 9. Proposed microstrip patch antenna design: (a) side view
without AMC, (b) front view without AMC, (c) side view with
AMC, and (d) position of the dielectric layers.

The return loss of the proposed asymmetric AMC structure
ground plane-based MPA is compared, in Fig. 10, with that
of the conventional MPA and with that of an MPA based on
the well-known symmetric AMC ground plane. The results
show good impedance matching, with values of −46.6 dB
and −42 dB being reached for antennas loaded by symmetric and asymmetric AMC ground planes, respectively. This

Fig. 11. The peak gain versus frequency for proposed MPA
based on asymmetric AMC ground plane compared with that for
the conventional MPA and well-known AMC.

Fig. 10. Return loss for the proposed MPA-based on the AMC
structure, compared with that for the conventional MPA and wellknown AMC structure.

Fig. 12. Peak gain vs. frequency for the proposed MPA based
on an asymmetric AMC ground plane compared with results for
the conventional MPA and well-known AMC structure.
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Fig. 13. Simulated radiation pattern for asymmetric type (red line), symmetric version (black line), and conventional antenna (blue
line): (a) YOZ plane, (b) XOY plane, and (c) comparison between proposed asymmetric and conventional antennas (the left side is YOZ
plane, and the right side is the XOY plane). (See digital version on https://www.itl.waw.pl/en/publications/journal-jtit)

Table 1
Performance comparison of the proposed antenna based on
an asymmetric AMC structure and similar designs from recent works
Antenna

Operating
band [GHz]

Gap
[mm]

Gain improved
by [dBi]

Directivity improved
by [dBi]

3 dB
bandwidth [%]

Proposed in [21]

2.4–11.2

5

3.5

-

36

From [22]

24.9–32.1

0.127

4

-

-

MPA with
symmetric AMC

28–36

No gap

4.15

4

19.94

MPA with proposed
asymmetric AMC

28.4–36

No gap

5.8

6

20
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phase at 28.46 GHz. The difference between the resonance
frequency of the AMC structures and the frequency corresponding to the maximum gain is due to the fact that a finite
array is used as the ground plane, instead of its infinite variety. In addition, the 3 dB gain in the bandwidth of the
antenna with the symmetric AMC ground plane is 19.94%
(28–34.2 GHz) and 20% (29.6–36 GHz) for the antenna
loaded by the asymmetric AMC ground plane. This corresponds to the operation band of AMC materials. Furthermore, above 35.4 GHz, the gain of the MPA alone is
higher than that of the MPA loaded by AMC ground planes.
Therefore, the AMC structures have a destructive effect on
the antenna’s radiations, because this range is outside the
operation band of the AMC.
The curve of directivity for these antennas is presented in
Fig. 12 and is higher. for the proposed aerial, than for the
conventional patch antenna. At 31.4 GHz, peak directivity
for an antenna with the asymmetric AMC ground plane is
11.6 dBi, whereas peak directivity for the antenna with the
well-known AMC ground plane is 9.6 dBi, so that an improvement of 132% and 92% is achieved, compared with
that for the solo antenna, where the directivity has the maximum value of 5 dBi. The enhancement in directivity is
caused by the effect of in-phase reflection phase. However,
the improvement of directivity for the antenna loaded by
the proposed asymmetric AMC ground plane is due to the
discontinuity of the reflection phase behavior of the asymmetric AMC, which is higher than that for an MPA based
on the well-known AMC ground plane.
For a further understanding of the antennas’ performance,
the radiation patterns of these antennas are presented in
Fig. 13, in both XOY and YOZ planes, at the operating frequency. The omnidirectional radiation pattern is achieved
for three antennas in the XOY plane, with a high level of
gain for the asymmetric AMC-based microstrip antenna.
For the YOZ plane, the radiation pattern for the antenna
with the asymmetric AMC exhibits a low level of back
lobes and a narrow beam width compared with that for the
solo antenna system.
Table 1 shows the performance comparison of the studied antenna and other designs. In terms of peak gain and
directivity, the asymmetric AMC ground plane antenna offers better performance. However, the 3 dB bandwidth is
wider in [21], because the antenna is designed for UWB
outdoor applications. The gap between the antenna and
the AMC ground plane is another important criterion – it
equaled, 5 mm in [21] and 0.127 mm in [22]. In the proposed design, there is no gap between the antenna and the
AMC ground plane, which means that the proposed design
is characterized by a lower thickness.

4. Conclusion
Conventional microstrip patch antennas with two different
AMC ground planes are used to enhance gain and directivity. A symmetric AMC unit cell was designed and placed
as the ground plane for a conventional MPA to enhance gain
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and directivity of the antenna. The unit cell has a simple
symmetric geometry, which leads to an angular stability and
makes the reflection phase insensitive to polarization and to
the incident angle of the incident plane wave. In addition,
the 90◦ reflection phase bandwidth of 4.8 GHz (19.2%) is
achieved. The second AMC unit cell has an asymmetric
geometry, and it is characterized by the property of discontinuity in the reflection phase, which changes the nature of
the impedance surface from capacitive to inductive. The
results showed an enhancement by 207.14% in terms of
gain, and by 132% in terms of directivity. This improvement is higher than that for the symmetric AMC structure
which is characterized by the property of a 0◦ reflection
phase. Both proposed antenna designs with AMC structures achieved better performance in terms of impedance
matching, wider bandwidth, and a significant enhancement
in gain and directivity, compared to the conventional MPA
without an AMC structure.
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