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A wideband reconfigurable folded planar dipole using hybrid polymeric substrates is proposed. Artificial
Magnetic Conductor (AMC) is a periodic structure composed of rectangular patches integrated with
Jerusalem Cross (JSC) slots and being located in between two substrates. The Perfect Magnetic
Conductor (PMC)-like behaviour of the AMC structure enabled the printed folded dipole to be placed near
to the proposed structure, resulting in a low-profile antenna with 5.11 dB gain operating at 9.41 GHz. The
combined use of the polymeric substrate and the proposed AMC resulted in a 1 GHz of bandwidth. The
proposed antenna is capable in beam steering on the xz-plane via the integration of radio frequency
(RF) MEMS switches placed on the antenna feeding transmission line. Simulations and measurements
show a satisfactory agreement, with a beam steering capability at least 30�, bandwidth of 1 GHz and
maximum gain of 5.11 dB.

� 2018 Elsevier GmbH. All rights reserved.
1. Introduction Recently, PIN diodes were used to achieve beam pattern recon-
In recent years, the developments towards reconfigurable
antenna have received significant attention among researchers
owing to its aptitude in fulfilling the demands of smart communi-
cation systems. Generally, a reconfigurable antenna is tuneable in
terms of operating frequency, polarization or radiation pattern.
Moreover, any undesired signal source can be avoided by radiation
pattern manipulation [1].

Designing an effective beam-reconfigurable antenna is chal-
lenging due to components’ losses, especially from RF switches.
Several proposed methods by recent researchers to realize recon-
figurability feature are such as by altering the antenna’s physical
structure [2]. Another method to integrate beam-reconfigurable
capability is by modifying the material properties [3], for instance,
a voltage-controlled substrate can be used to realize pattern recon-
figurability via biasing [3]. The next method for the same purpose
is by controlling the feed and surface current on the radiating ele-
ments. This can be effectively done by integrating radio frequency
(RF) switches with antennas [4–12]. Among the popular RF switch
are PIN diodes, FETs and RF MEMS.
figurability on printed quasi-yagi antenna [13] and to enable para-
sitic tuning in [14]. However, the presence of the PIN diodes caused
efficiency degradation [15]. Moreover, PIN diodes are restricted in
term of power handling capability, insertion loss, isolation, high
operating frequency and high gain [16]. An effective alternative
proposed in [7,9–10,17–20] is the micro-electro-mechanical sys-
tem (MEMS). This is mainly due to its better insertion losses, isola-
tion, and power handling capability at high frequency [19].
Moreover, the matching issue faced by other solutions such as
PIN diodes is non-existent for MEMS due to the existing 50 Ohm
transmission line behaviour during its active state [17].

Besides beam-reconfigurability, another desirable antenna fea-
ture is a high front-to-back ratio (FBR). Metamaterials, also known
as metasurfaces in two-dimensional form, have been identified as
the most effective method for FBR enhancement. Metamaterials
can be classified into several types: high impedance surface (HIS)
[21,22], electromagnetic band-gap (EBG) ground plane [23,24],
reactive impedance substrate (RIS) [25], and artificial magnetic
conductor (AMC) [19,26–28]. The AMC surface proposed in [27]
improved the antenna bandwidth, besides enabling it to be placed
near to the main radiator element and act as an additional reflec-
tor. This is due to the AMC’s current behaviour, which exhibit the
characteristics of an in-phase image [27]. However, AMC structure
is typically bandwidth-limited, defined by its ±45� phase response.
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This limits its application in covering the whole radio navigation
and location-tracking channel in X-band. An interesting and effec-
tive option is by employing polymeric substrates to improve
antenna’s bandwidth [29]. Furthermore, polymeric substrates are
advantageous due to its simple fabrication process and the avail-
ability of this process in-house. Its physical and material properties
can also be easily adjusted to suit the requirements in terms of
thickness, width and length. Besides that, the material properties
of the polymeric substrate can also be altered by mixing with
others composites as presented in [30].

From the initial work reported in [31], this investigation has
been expanded to include practical integration and experimental
results of the three components: an AMC layer, a Polydimethyl-
siloxane (PDMS) polymeric substrate and the RF MEMS switching
mechanism. All three components are optimized to result in signif-
icant improvements of the overall antenna, especially in terms of
operating bandwidth, gain and tilting angle. A bandwidth of up
to 1 GHz (10.6%) is achieved, in addition to its capability of beam-
steering of at least 30� on the xz-plane with a maximum gain of
5.11 dB. Most importantly, the integration of the polymeric sub-
strate also enabled its compact physical structure of
1.59 k � 0.86 k � 0.12 k . To our best knowledge, this is the first
prototyped and measured reconfigurable MEMS antenna combined
with the use of polymeric substrate to result in consistent switched
beams and gains, besides a broad bandwidth.

This paper is organized as follows. The structure and perfor-
mance of several types of the AMC planes will be first presented
and evaluated. Next, the integration of the AMC plane on the pre-
sented antenna structure will then be studied in Section 2. This is
then followed by the analysis of the level of bandwidth improve-
ment via the use of the PDMS substrate with the antenna in the
Sections 3 and 4. Finally, the conclusions from this work are drawn
in the Section 5.
2. AMC design and evaluation

The AMC design starts by defining and analysing the phase and
magnitude response of the AMC unit cell. The AMC is ideally loss-
less at the desired frequency, while the phase of a reflected wave is
0�. The AMC bandwidth is determined within ±45� of this phase
[22]. Fig. 1(a) depicts the proposed structure of the AMC unit cell.
The AMC unit cell consists of four layers: two layers of substrates, a
layer of AMC and ground respectively. A full ground plane is
located at the bottom-most layer of the antenna, followed by the
Fig. 1. AMC unit cell (a) setup, (b) AMC structures with proposed JSC Slot.
PDMS and Taconic substrate. The AMC unit cell is placed between
the Taconic substrate and the PDMS polymeric substrate, while the
radiator is placed on the top-most layer. Both the AMC and ground
plane are formed using copper with a thickness of 0.035 mm. The
Taconic TLY-5 substrate used is 1.5748 mm in thickness, with a
dielectric constant (er1) of 2.2 and loss tangent (tand) of 0.006.
Meanwhile, a 2 mm-thick PDMS is used, and its dielectric constant
(er2) and loss tangent is 2.7 and 0.009, respectively.

Three popular AMC unit cells operating at 9.41 GHz are evalu-
ated in this work, a rectangular, a cross-shaped and a Jerusalem
Cross (JSC)-shaped unit cell, see Fig. 1(b). In contrast to previous
literature, the layer structure in this work is combined with the
proposed polymeric (PDMS) substrate as depicted in Fig. 1(a). Each
unit cell is sized at 8.85 � 8.85 mm2. Its performance is evaluated
using unit cell boundaries and Floquet ports in the CST electromag-
netic solver. Upon satisfactory performance evaluation via simula-
tions, these AMC unit cells are duplicated into the form of an array
to form the AMC plane. Square patches are expected to result in a
large bandwidth and fabrication simplicity [27]. This is validated
by observing its phase response for the proposed AMC structure
in Fig. 2(a). The larger bandwidth is due to its larger reflected sur-
face area compared to the other two designs. This, however, will
result in a larger AMC unit cell design relative to the cell spacing
and resonant frequency.

To balance this trade-off, a smaller sized AMC with optimal
bandwidth and reflection performance needs to be chosen. The
proposed unit cell in this work combines the conventional square
patch and the JSC slot for added compactness. It is dimensioned
at 7.75 � 7.75 mm2, as depicted in Fig. 1(b). The JSC slot structure
is then chosen to enable a larger net reflection surface area while
simultaneously enabling miniaturization. The performance of the
slotted JSC is also comparable to the other designs and is summa-
rized in Table 1. The permittivity and permeability of the JSC slot
unit cell with respect to the frequency shown in Fig. 2(b) was
extracted using CST MWS simulator. From the imaginary part of
permittivity and permeability, it is observed that both results are
approximately zero within the operating band. Nevertheless, the
JSC slot unit cell resulted in a high permeability and near to unity
permittivity. Despite with an increased loss, a higher permeability
will result in larger bandwidth.

To evaluate the effects of the PDMS and AMC plane with such
layer configuration, three simples rectangular microstrip antennas
were designed. The first antenna is a two-layered Taconic TLY-5
substrate, and this is set as the reference antenna (A1). The next
two antennas are fabricated in a ‘‘hybrid” configuration, which
consists of two layers, a layer of Taconic TLY-5 on as the top and
PDMS as the bottom substrate. Antenna A2 is configured in this
way, whereas antenna A3 is similar to A2 with an additional
AMC layer (A3) between the PDMS and Taconic intersection. The
substrates for all three substrates are identically dimensioned,
whereas their patches are designed to operate at 9.41 GHz. This
resulted in a different radiator sizes of 11.8 mm � 11.8 mm for
A1, 10.5 mm � 10.5 mm for antenna A2 and 4.1 mm � 3.5 mm for
the case of A3.

Fig. 3 compares the performance of the three antennas. It is
observed that the bandwidth is increased to about 5.1% for the
hybrid antenna (A2) compared to 4.5% bandwidth for the antenna
on normal substrate (A1). Meanwhile, antenna A3 integrated with
the PDMS and AMC plane indicated a larger bandwidth of nearly
8% (see Fig. 3(a)). Besides bandwidth, the combination of the
AMC plane with the hybrid substrate resulted in a much higher
6.75 dB gain compared to the gain of 3.94 dB (for A2) and
4.12 dB (for A1), see Fig. 3(b). Note also that the antenna A1 has
a higher maximum total efficiency of 91.3% at 9.41 GHz compared
to A2 and A3 with 86.3% and 86.4%, respectively. This is due to the
relatively higher material losses in the PDMS substrate. Nonethe-



Fig. 2. The simulation results of (a) phase response of simulated AMC structures and (b) permittivity and permeability of simulated JSC slot.

Table 1
Comparison of unit cell bandwidth and loss.

Unit Cell ±45� Bandwidth (GHz) Reflection loss (dB) Size (mm2)

Rectangular 1.32 0.66 8.85 � 8.85
Cross 1.12 0.74 8.85 � 8.85
JSC 0.84 1.14 8.85 � 8.85
Proposed AMC 1.05 0.90 7.75 � 7.75

H. Lago et al. / Int. J. Electron. Commun. (AEÜ) 99 (2019) 347–353 349
less, the total efficiency of antenna A3 throughout the AMC band-
width is at least 75%.
3. Integration of dipole antenna with AMC and MEMS

In this section, a planar dipole is chosen to further evaluate the
effects of the AMC. The choice of this antenna is due to its omni-
directional behaviour and the absence of any large ground plane.
The AMC is integrated on an E-shaped complimentary planar
dipole, which is designed based on a conventional folded dipole,
see Fig. 4(a). The dipole arms are folded to ensure size miniaturiza-
tion. To avoid the effect of line discontinuities, all 90� corners on
the folded dipole are curved. At each ends of the complimentary
Fig. 3. Simulated results of the basic rectangular antenna:
E-Shaped dipole antenna arm, two parasitic elements with lengths
of about 0.3 k are placed with a spacing of 15.6 � 10�3 k as
depicted in Fig. 4(b). They act as the beam directors, enabling
antenna steering towards a wider main lobe.

The main lobe is incorporated with the beam-reconfigurability
feature by integrating two RF MEMS switches (model RMS101
from Radant) onto each arm of the folded dipole; see Fig. 4(b).
The use of these two switches resulted in two beam configurations.
Due to its matching limitations, the antenna will not operate dur-
ing the simultaneous activation or deactivation of both switches.
They are activated by injecting a 90 VDC signal into its gate pad.
A layer of a AMC unit cell array is then placed between the two dif-
ferent substrate layers, see Fig. 4(c) and (d). The dimension of the
proposed AMC is shown in Fig. 4(c). The overall structure is fed
via a probe from the bottom-most layer, where a full ground plane
is located, see Fig. 4(d).

The suitable AMC plane size and how it affects the performance
of the proposed antenna is investigated as follows. Three AMC unit
cell configurations, 2 � 3, 4 � 3 and 6 � 3 are integrated onto a
same antenna, see Fig. 5. They are denoted as AMC1 (2 � 3),
AMC2 (4 � 3) and AMC3 (6 � 3). The size of this antenna is kept
constant and compatible to the largest (AMC3) unit cell configura-
(a) reflection coefficient; and (b) gain and efficiency.



Fig. 4. Structure of the proposed antenna (unit in mm). (a) three dimensional (3D) view, (b) top view, (c) AMC plane, (d) side view.

Fig.5. The three investigated simulated AMC configurations and their resulting
reflection coefficients (same for State 1 and State 2 of the MEMS switches).

Fig.6. Simulated radiation patterns for two states of the proposed antenna loaded
with AMC1, 2 and 3 (xz-plane).
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tion. As shown in Fig. 5, the proposed antenna loaded with AMC1
operated at the frequency of 9.41 GHz with a bandwidth of 6.8%.
Meanwhile, a dual band operation at 9.44 GHz and 10.72 GHz is
observed for AMC2, with no more than 6% of impedance band-
width in each band. Finally, the antenna with AMC3 resonated at
9.41 GHz with a bandwidth of 13.18%. For all three AMC configura-
tions, the reflection coefficients produced by the two MEMS
switching states are the same due to symmetric switch locations.

Fig. 6 illustrates the radiation pattern of the proposed antenna
loaded with AMC1, 2 and 3. Fig. 6 shows that the AMC3-
integrated antenna resulted in the same side lobes level as of
AMC2. This indicates the effectiveness of plane’s function as a per-
fect magnetic conductor (PMC) reflector at 9.41 GHz. However, the
half power beamwidth (HPBW) of the AMC3 is smaller compared
to AMC2, which then leads to the higher gain. Besides that, the
AMC2 configuration is also limited in terms of total efficiency.
Meanwhile, AMC1 is the least suitable choice due to its poor per-
formance in both aspects. The simulated total efficiency, main lobe
direction, side lobe level and HPBW for all AMC and switch config-
urations are summarized in Table 2.

As mentioned above, the presence of the PDMS lowered reso-
nances when the antenna is similarly sized, with enhancement in
its bandwidth. The use of the PDMS layer also enabled the coverage
of the full radio navigator and location bandwidth from 9.2 to
10 GHz. To determine the losses incurred from the MEMS switches,
the proposed antenna has also been simulated and compared with



Table 2
The effect of different AMC configurations on the antenna performance at 9.41 GHz.

Quantity State AMC configuration

6 � 3 4 � 3 2 � 3

Gain (dB) Both state 6.3 5.69 2.29
Efficiency (%) Both state 77.49 73.26 72.91
HPBW (�) Both state 34.4 36.7 44.8
Main lobe (�) Both state ±28 ±29 ±59
Side lobe level (dB) Both state �3.9 �3.9 �1.2
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an ideal switch. This switch is hypothetical in nature: a copper
strip represents the ON state and an open circuit for the OFF state.
As illustrated in Fig. 7(a), the radiation efficiency within its operat-
ing band for both states are similar. However, the total efficiency is
slightly lower than the ideal case when using RF MEMS due to the
expected losses of about 0.3 dB at 9.41 GHz. Nevertheless, the dis-
crepancy is acceptable, with a maximum decrease of only 7%. The
AMC plane maintained the proposed antenna gain at 9.41 GHz for
both cases as shown in Fig. 7(b). The FBR for the antenna with
MEMS is also lower than the ideal case due to its losses, as depicted
in Fig. 7(b). However, the FBR using MEMS is more than 25 dB at
9.41 GHz.
4. Results and discussion

To provide a fair validation with the simulation results, the pro-
posed antenna has been fabricated with the same dimension as
optimized in simulation on the polymeric substrate. More details
of the fabrication process is also explained in [33]. The measured
Fig. 7. Comparison between ideal and MEMS case in term of (a) rad

Fig. 8. The fabricated prototype (a) top view
reflection coefficient, S11 for the fabricated antenna demonstrated
in Fig. 8 is depicted in Fig. 9. Measured bandwidths are slightly
smaller compared to simulations. Nevertheless, measured S11
between 9.1 GHz and 10 GHz is consistently below �10 dB. More-
over, the measured outcomes show a satisfactory agreement for
both states. Table 3 compares the radiation patterns in the xz-
plane at 9.41 GHz. Noted that the variance among the measured
peak gain of the main lobe and side lobe is only about 5.31 dB.
However, this is acceptable for a pattern-reconfigurable antenna
[32]. The simulated-measured result discrepancies are due to sev-
eral factors such as fabrication errors and variation in material tol-
erance. The substrate characteristics tolerance especially its
thickness and permittivity must be considered with care as this
will result in frequency shifting and gain degradation. Besides that,
the additional cable of the prototype antenna purposely for activa-
tion and deactivation of the RF MEMS is placed near to the trans-
mission line despite our best efforts to avoid this, see Fig. 8(c).
This structure contributes to the difference between simulation
and measurement outcomes. A comparison table to previous liter-
ature in terms of performance is presented in Table 4 to highlight
the contribution of this proposed antenna.
5. Conclusion

In this paper, an AMC plane integrated with two modified
folded dipole antenna on polymeric substrate (PDMS) is designed
and investigated. A beam steering of 30� and �24� is demonstrated
by integrating two RF MEMS on the proposed antenna. The pres-
ence of the AMC plane acts as a reflector and contributed to the
effective suppression of back radiation. As a result, the antenna fea-
tures a high FBR and maximum gain of about 18.66 dB and 5.11 dB,
iation and total efficiency and (b) front-to-back ratio and gain.

, (b) AMC plane, (c) perspective view.



Fig. 9. (a) Simulated and measured antenna reflection coefficients and (b) measured radiation patterns in the xz-plane.

Table 3
Summary of the proposed antenna performance.

Parameter State Simulate Measure

Peak gain (dB) State 1 6.3 5.05
State 2 6.3 5.11

Main lobe (�) State 1 28 30
State 2 �28 �24

10 dB operating band (GHz) State 1 1.24 0.92
State 2 1.24 1.04

Table 4
Comparison with earlier related work of reconfigurable radiation pattern antennas integrated on metasurface.

Antenna type Frequency
(GHz)

Electrical size of antenna
(width � length � thickness)

Beam steering
technique

Maximum gain
(dB)

Steering
angle (�)

Bandwidth
(GHz)

Normal circular patch with
metasurface [2]

5.5 70 � 70 � 3.05 mm3

(1.28 � 1.28 � 0.06 k )
Mechanical 7.2 ±32 0.2 (3.6%)

Yagi-Uda like with HIS [21] 2.45 120 � 155 � 10.5 mm3

(0.96 � 1.24 � 0.08 k )
Pin Diode 4.34 ±50 0.06 (2.7%)

Dipole with parasitic and AMC
[19]

9.41 54.5 � 24.5 � 3.26 mm3

(1.7 � 0.77 � 0.10 k )
MEMS 8.08 ±58 0.56 (5.95%)

Proposed antenna 9.41 50.8 � 27.5 � 3.68 mm3

(1.59 � 0.86 � 0.12 k )
MEMS 5.11 ±30 1.0 (10.6%)
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respectively. Moreover, a large bandwidth of up to 1 GHz (10.6%) is
realized by combining AMC and PDMS as substrate layers. The pre-
sented simulation and measurement results performed indicated
satisfactory performance in terms of reflection coefficient and radi-
ation patterns.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aeue.2018.12.011.
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