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Abstract: A 5G wireless system requests a high-performance compact antenna device. This research work aims to report the characterization and verification of the artificial magnetic conductor (AMC) metamaterial for a high-gain planar antenna. The configuration is formed by a double-side structure on an intrinsic dielectric slab. The 2-D periodic pattern as an impedance surface is mounted on the top surface, whereas at the bottom surface the ground plane with an inductive narrow aperture source is embedded. The characteristic of the resonant transmission is illustrated based on the electromagnetic virtual object of the AMC resonant structure to reveal the unique property of a magnetic material response. The characteristics of the AMC metamaterial and the planar antenna synthesis are investigated and verified by experiment using a low-cost FR4 dielectric material. The directional antenna gain is obviously enhanced by guiding a primary field radiation. The loss effect in a dielectric slab is essentially studied having an influence on antenna radiation. The verification shows a peak of the antenna gain around 9.7 dB at broadside which is improved by 6.2 dB in comparison with the primary aperture antenna without the AMC structure. The thin antenna profile of λ/37.5 is achieved at 10 GHz for 5G evolution. The emission property in an AMC structure herein contributes to the development of a low-profile and high-gain planar antenna for a compact wireless component.
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1  Introduction

The perfect magnetic conductor (PMC) is a duality of the perfect electric conductor (PEC) in electromagnetism, but it does not exist in nature. With the well-known principle of the high-impedance surface (HIS), the planar periodic surface theoretically gives the insight behind the artificial magnetic conductor (AMC) associates with the surface wave suppression along the media interface at the resonant frequency [1]. Based on the electrical modeling, the characteristic of high impedance is emerged at the resonant frequency band inductance and capacitance has represented each other as a function of frequency. The AMC structure is a type of metamaterials that imitate property of the PMC property at a certain frequency. Technically, the AMC metamaterial is engineered as a two-dimensional (2-D) metal-dielectric inclusion. The periodic surface behaved as a frequency selective surface can be a set of the sub-wavelength metallic elements as fundamental [2]. In that the dielectric slab is a host component to apply for the AMC formation which play a role in the EM activity between the periodic surface and ground plane.

In recent works [3–5], the compact AMC unit cell can be miniaturized by modifying the complicated geometrical resonator profile and the multiband operation are extremely investigated to gain more the EM ability. Most of the applications consist of the EM wave absorber development based on the loss effect in materials and the antenna applications enable the structural configuration for a low profile and radiation enhancement. The contribution of the AMC metamaterial offers the vital impact on EM research communities in designing the high-performance antenna applications. Its exotic property is for improving radiation performance which can control and guide a field propagation. There are twofold in applying the AMC metamaterials in order to reform the antenna structures.

First, the AMC metamaterial behaves as a grounded substrate or a total planar reflector which the single antenna element can be positioned with an extremely small gap for a radiation improvement [1,6–8]. With the unique property of the in-phase reflection, the proximity between the antenna element and AMC grounded substrate is obtained resulting in the constructive interference. However, the existing works of this, the excited field source is dealt with the external primary antenna in control of a distance and in an assembly based on a stacked structure.

Second, the resonant cavity antenna (RCA), also known as a Fabry-Perot resonator antenna and leaky-wave antenna, is comprised by a parallel-surface structure with an interior air medium. Conventionally, the RCA configuration is based on the interaction between the total reflector and partial reflective surface (PRS) with a certain distance separation. In that, the structure is modified for replacement of the total reflective surface using the AMC instead of the PEC surface leading to a low-profile configuration [9]. To consider a round-trip phase using the ray optics analysis, the separation can be reduced to a quarter wavelength. In addition, the RCA configuration can achieve a thin subwavelength separation between surfaces by tailoring the reflection phase both the AMC and PRS to satisfy the cavity resonance [10–12]. However, the degradation of the performance for a gain level and beam pattern is observed in the thin profile structure.

Due to the growth of the fifth generation (5G) wireless system, the types of antenna devices have subjected for the high-performance requirement [13]. The recent 5G antenna work has been proposed in a Sub-6 GHz band using a patch antenna with a metamaterial superstate, but it comes up with a bulky structure that is unsuited for a thin profile due to the air space as an antenna height [14]. The planar configuration has a physical benefit which contribute to the compact system integration. The classical patch antenna has been incorporated into the concentric configuration of the two-layer-ring-based metamaterial, but the lateral size increases [15]. For a band above 6 GHz , the planar aperture antenna design has been introduced using a substrate integrated waveguide (SIW) structure based on a periodic groove surface to support the 5G band (around 10 GHz), however the complex layer-based composition is considered [16]. Recent works of the planar antennas using the unusual patterns for a periodic surface with a primary aperture feeder have been proposed to operate for a broadband [17,18] and to support the circular polarization [19,20]. However, their works unaddressed the medium characteristics and material properties.

The aim in this paper is to characterize the emission mechanism using an FR4-based AMC structure for a class of a directive planar antenna at 10 GHz (part of the 5G evolution) consisting of (i) effect of the absorption, (ii) transmission resonance, (iii) response of material property and (iv) characteristics of high-gain planar antennas. We emphasize to report a configuration of the simple AMC metamaterial to form the high-performance planar antenna by embedding primary excited source. The AMC metamaterial planar antenna is based on a low-profile structure as shown in Fig. 1. The double-side structure consists of the 5 × 5 uniform patch array on the top as shown in Fig. 1a and the short-end coplanar waveguide (CPW)-fed aperture as presented in Fig. 1b. Fig. 1c shows the isometric view of the proposed planar antenna structure using the cost effective FR4 dielectric slab. The rest of the AMC metamaterial and planar antenna configuration are characterized and illustrated in detail. The properties of an AMC metamaterial are provided in Section 2. The implementation of an planar AMC metamaterial antenna is then described in Section 3. The Section 4 reports the characteristics of the fabricated antenna prototype. In Section 5, we summarize the investigation and characteristics of the AMC metamaterial antenna.
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Figure 1: Layouts of the proposed planar AMC metamaterial antenna (a) the top view, (b) the bottom view and (c) the perspective view

2  Patch-Based AMC Metamaterials

2.1 AMC Unit Cell

The unit-cell structure is based on a patch-based AMC configuration. The investigation is performed to understand the characteristics. The AMC metamaterial can be typically formed by a thin resonant cavity associated the Fabry-Perot resonator. To examine the cavity resonance condition, the roundtrip phase difference (Δφ) is satisfied by applying the reflection phase (φR) for the patch array using Eq. (1) expressed as [9]

Δφ=φR+π−2πλ2H=2Nπ,N=0,1,2,…(1)

where the parameter H is a thickness of a dielectric slab as a thin-cavity distance and the PEC reflection phase is a constant of 180 degree (π radian). Here, the unit cell is represented as a sandwich structure using a double-side surface on a thin dielectric slab in a periodic boundary condition as shown in Fig. 2a.
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Figure 2: (a) Snapshot of the unit cell modelled in a periodic boundary condition for the EM simulation with the wave excitation as the port 1 and port 2 (b) the equivalent circuit of the patch element

The square patch element in a unit cell is selected due to a fundamental structure for an elementary resonator with less sensitive polarization. It can be represented as an equivalent circuit consisting of the series components of capacitance (C) and inductance (L) as shown in Fig. 2b. The metallic resonant square patch elements in a subwavelength mounted on the top and a blank metallic ground surface at the bottom. The dielectric slab plays a role in a cavity medium with a property of the reflection between two surfaces. In operation, the incoming field interacts with the patch element on the top that the reflection coefficient is examined to obtain the PMC characteristics which provide a total reflection magnitude and zero reflection phase. Here, the full-wave EM simulation used to investigate the AMC metamaterial was performed based on the Floquet theorem using the Ansys HFSS software to obtain the AMC response around the target frequency of 10 GHz (λ = 30 mm)–the frequency range 3 is part of the band spectrum for 5G evolution and 6G [21]. The unit-cell investigation was modelled to set the infinitive array environment. In this work, the low-cost commercial FR4 dielectric material was used to form the AMC metamaterial which has the relative permittivity and loss tangent of 4.4 and 0.025, respectively. Even if having a high loss tangent, the advantage of utilizing a FR4 material is realized for the cost-effective as commercial material in a standard process for the printed circuit broad (PCB) manufacturing. As recently proposed in Reference [22], using the FR4 material at the millimeter-wave frequency (∼28 GHz) has been challenged for an antenna design. The design dimension of the patch length (L) and the array period (P) are denoted as a unit cell geometry. The thickness (H) of the FR4 dielectric slab of 0.8 mm (∼λ/37.5) as available was selected for a thin profile.

2.2 Characteristics of Unit-Cell

In order to investigate the AMC characteristics, the parametric study was performed by varying the values of the patch length between 4.5 and 5.0 mm while maintaining the array period of 5.2 mm (∼0.36λεr). Fig. 3 shows the simulated results consisting of the reflection coefficient (magnitude and phase), input impedance (real and imaginary) and absorption parameter. The range of the frequency response is observed over 5–15 GHz to indicate the AMC characteristics. The responses of the reflection are plotted in Figs. 3a and 3b on which the magnitude and phase are presented in terms of the resonant frequencies of the AMC response. The reflection phase is zero at the resonant frequency of that the bandwidth is occupied between ±90 degree. It reports that the AMC resonant frequencies are located at the zero-phase reflection at 9.1 GHz (L = 5.0 mm), 9.9 GHz (L = 4.9 mm), 10.5 GHz (L = 4.8 mm), 11.0 GHz (L = 4.7 mm), 11.5 GHz (L = 4.6 mm) and 11.9 GHz (L = 4.5 mm). In that the drops of the reflection magnitude are occurred to provide the almost unity reflection of 79.2%, 80.7%, 81.4%, 81.7%, 82.1% and 82.2%, respectively. As a result, the AMC resonant frequency is dominated by the patch lengths. Figs. 3c and 3d exhibit the characteristic of the high impedance surface that input impedance presents the peak resistance (real part) and zero-crossing reactance (imaginary part) at their resonant frequencies. It is evident that the AMC surface behaves as reactance providing inductance and capacitance at the frequency below and upper the resonant frequency, respectively. Due to the imperfect reflection magnitude of the drop around 20.0%, the absorption is caused by the loss effect in a FR4 dielectric material [23]. The characteristic of the absorption is presented as shown in Fig. 3e. It indicates the values of the absorption (energy-trapped mode) which is determined by 1 – |S11|2. The resonant absorption results the peak and the frequency response of 36.5% at 9.1 GHz (L = 5.0 mm), 34.5% at 10 GHz (L = 4.9 mm), 33.8% at 10.6 GHz (L = 4.8 mm), 33.3% at 11.1 GHz (L = 4.7 mm), 32.7% at 11.6 GHz (L = 4.6 mm) and 32.4% at 12 GHz (L = 4.5 mm). It means that this factor influences on the radiation mode in antenna performance mentioned in the next section.
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Figure 3: Simulated results of the characteristics (a) magnitude and (b) phase of the reflection coefficient; (c) resistance (real part) and (d) reactance (imaginary part) of the impedance; and (e) absorption in varying the lengths of the square patch from 4.5 to 5.0 mm by maintaining the period (P) of 5.2 mm

2.3 Surface Current and Field Characteristics in Unit Cell

The surface current distribution was simulated to understand the EM activity in the selected case of the parameter P = 5.2 mm and L = 5.0 mm, which the AMC resonance occurs at 9.1 GHz. Fig. 4a shows the profile of the surface current magnitude on the top of the dielectric slab (the patch position). At the resonant frequency, the induced surface current illustrates that the high magnitude is maximum at the center, and it is slightly lower to zero both the patch edges (the small gap between a patch array) along the excited electric-field direction. Fig. 4b presents the EM mirror effect of the surface current magnitude generated on the ground plane that the profile is corresponding to the characteristic of the surface current on the top. Fig. 4c also exhibits the vector profile of the surface current on the unit-cell structure of the dielectric slab in the isometric view. It reports that the anti-phase current configuration depicts between the top and the bottom surfaces. Therefore, the manifestation of the surface current configuration in the AMC metamaterial is corresponding to the EM mechanism with the transmission resonance based on the coupled surface plasmon polaritons for the light manipulation in Reference [24].
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Figure 4: Snapshots of the current distribution of the unit cell of the AMC metamaterial structure at the AMC resonant frequency of 9.1 GHz; (a) the surface current magnitude on the top, (b) the surface current magnitude at the bottom and (c) the profile of the vector surface current both the top and bottom surfaces (patch and ground in the inactive view)

To visualize the EM field effect in artificial media, the AMC unit cell was simulated to illustrate the electric (E) and magnetic (H) response in the FR4 dielectric slab. Fig. 5 shows the EM field plot of the magnitudes at the AMC resonance at 9.1 GHz. The field effect is corresponding to the characteristics of the anti-phase current configuration in Fig. 4c. It can be observed that the electric (E) field is very weak occurred in the dielectric slab, but the fringing effect occur around the patch edge to interact with the neighbor patches as shown in Fig. 5a. On another hand, the magnetic (H) field is very strong in the dielectric slab which is influenced by the coupling effect of the induced surface currents on the top and bottom as shown in Fig. 5b. As a result, the EM field activities reveal the characteristic the high magnetic response in the hosted FR4 dielectric medium between the actual resonant patch element and the virtual patch on the ground surface.
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Figure 5: Snapshots of the current distribution of the unit cell of the AMC metamaterial structure at the AMC resonant frequency of 9.1 GHz; (a) the surface current magnitude on the top, (b) the surface current magnitude at the bottom and the profile of the vector surface current both the top and bottom surfaces (patch and ground in the inactive view)

2.4 Transmission Resonance and Material Characterization

With two periodic surfaces as a resonant structure, the physical model of the AMC metamaterial can be reformed to characterize the material properties. The EM image theory can be applied to model the virtual element in place of the ground surface as a symmetry plane [25]. The periodic surface as an identical patch array is replaced instead of the ground surface acted as a mirror plane with the distance in an opposite direction of the actual patch array on the top. Here the unit-cell structure is modified by increasing the thickness of the FR4 dielectric slab from 0.8 to 1.6 mm and positioning the identical patch elements at the bottom surface of the FR4 dielectric slab. It is seen that the 3D structural model of the modified unit cells as identical surfaces is also associated with the Fabry-Perot cavity principle. The reflection (S11) and transmission (S21) are obtained by the two-port unit-cell simulation in a normal incidence which is like in Fig. 2. The excited field propagates via the unit-cell structure providing the reflection and transmission responses. Then, the material properties of the electric permittivity (ε) and magnetic permeability (μ) are determined by means of the retrieve method based on responses of the resultant scattering parameters using Eq. (2) through (5) [26,27]. The refraction index (n) and wave impedance (z) are calculated by obtaining the reflection (S11) and transmission (S21). The parameter k and d are expressed as a wave number and thickness (H) of a dielectric slab.

n=1kdcos⁡[12S21(1−S112+S212)](2)

z=±(1+S11)2−S212(1−S11)2−S212(3)

ε=nz(4)

μ=nz(5)

In addition, the effect of the dielectric loss is considered in this investigation process for the material characteristics as aforementioned. Hence, the comparative study is illustrated in detail between the FR4 lossy and lossless property. Fig. 6a shows the simulated reflection and transmission of the modified unit cell both magnitude and phase component in a case of the selected parameter P = 5.2 mm and L = 5.0 mm. It reveals that the transmission resonance is emerged at the frequency of 9.6 GHz close to the AMC response. The line-shape profiles are similar both study cases of the different loss parameters in an ordinary dielectric material. However, the distinction of the loss effect in the dielectric indicates that the transmission peak and reflection dip are imperfect to unity and zero, respectively. The phase shift response of the reflection is occurred at 9.6 GHz whereas the transition phase of the transmission is turned at 9.8 GHz as shown in Fig. 6b. Fig. 7 exhibits the response of the complex electric permittivity (ε) and magnetic permeability (μ) over 5–15 GHz. The remarkable characteristic is at the peak of the resonant transmission. It indicates the electric permittivity close to zero (ε = 0) and the magnetic permeability extremally high. However, the effect of the dielectric loss properties dominates the imperfect of the zero electric permittivity, and the peak of the magnetic permeability response is reduced in the term of the amplitude. In that the imperfect of the resonant transmission gives a rounded feature at a location of the resonant frequency.
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Figure 6: Simulated results of the unit cell of the two-layer identical patch elements consisting of: (a) the magnitude (b) phase of transmission (S21) and reflection (S11) between the lossy and lossless parameters
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Figure 7: Response of the complex properties of the metamaterial, (a) the real part and (b) the imaginary part of the electric permittivity (ε), and (c) the real part and (d) the imaginary part of the magnetic permeability (μ) between the lossy and lossless parameters

3  Synthesis of AMC Metamaterial Planar Antennas

3.1 Planar Antenna Structure

The AMC metamaterial is employed to implement the high-gain planar antenna in this section. The narrow aperture element is incorporated into the AMC metamaterial to form the antenna configuration. Using the coplanar waveguide (CPW) to connect to the aperture resonator, the planar feeder provides a simple profile structure with the slotting technique as presented in Fig. 1. It benefits that the primary feeder source can be embedded into a ground surface of the AMC metamaterial. The short-end CPW interface is considered as an inductive feeder mechanism. The narrow aperture resonator has a target frequency operation at 10 GHz which the determination of the physical parameters is depended on the aperture length (Ls) and width (Ws). With the analysis in Reference [28], the aperture impedance (ZA) has a connection to the impedance (ZD) of a dipole strip (complementary version) as referred to Reference [29]. The relation can be written as

ZAZD=η24(6)

where the parameter η is the intrinsic impedance of the media where the aperture is positioned. With the short-end feeder, the total impedance (ZS) is considered as parallel elements which can be expressed as

ZS=−jZA2tan⁡(βLS2)(7)

Here, the parameter Ls is determined around one wavelength and the parameter Ws is initially approximated as the one-tenth. The CPW feedline is determined based on the 50-Ω characteristic impedance that the design parameters consist of the width (Wf) and gap (G) as detailed in Reference [30]. The CPW feedline connected with the aperture by a short-end interface provides the characteristic of resonance. The position of the aperture element is vertically aligned at the center of the patch array of that AMC structure. To perform the parametric study, the response of input impedance indicates the resonances of a primary aperture as plotted in Fig. 8. With maintaining the parameter Ws = 0.3 mm, the parameter Ls is varied resulting in the resonant frequencies of the primary aperture at 10.85 GHz (Ls = 12.0 mm), 10.6 GHz (Ls = 13.0 mm), 10.35 GHz (Ls = 14.0 mm), 10.15 GHz (Ls = 15.0 mm) and 9.5 GHz (Ls = 16.0 mm). To tune the parameter Ws with maintaining the parameter Ls = 14.0 mm, the effect of the aperture resonance is dominated reporting at 10.2 GHz (Ws = 0.1 mm), 10.35 GHz (Ws = 0.3 mm), 10.5 GHz (Ws = 0.5 mm), 10.7 GHz (Ws = 1.0 mm) and 10.85 GHz (Ws = 1.5 mm). To realize the EM activity, the integration of the AMC structure and the CPW-fed aperture is involved to the mutual effect due to the nature both behaving as a resonator. The interaction between the AMC response and aperture radiator is considered as the coupling field connected to the mutual impedance. Therefore, the impedance matching in this antenna implementation is optimized by adjusting the aperture impedance which the parameter Ws can be tuned to satisfy the matching condition. The design dimensions are optimized to reach the high-performance antenna as listed in Tab. 1.
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Figure 8: Response of the input impedance of the primary aperture, (a) the real part and (b) the imaginary part in cases of varying the parameter Ls between 12.0–16.0 mm, whereas (c) the real part and (d) the imaginary part in cases of varying the parameter Ws between 0.1–1.5 mm
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Here, the antenna behavior is concerned in terms of the field interaction between the aperture response and the AMC operation. It is seen that the characteristic of the excited field in the primary aperture element is parabolic-like wavefront which is dissimilar to the plane wave in the unit-cell investigation. With this concern, the factor of the finite size of the patch array on the AMC structure is taken into account in a process of implementation. In the first steps, the finite-size patch array of the AMC metamaterial is studied to observe antenna performance consisting of the reflection and gain. Three study cases of the synthesized antenna are probed by varying the 2-D array dimensions of 4 × 4, 5 × 5 and 6 × 6 elements. To obtain the characteristics of antenna, the simulation work was carried out using the Ansys HFSS software package. The 3-D antenna structure is simulated to illustrate the characteristics of impedance and radiation.

3.2 Antenna Characteristics

Fig. 9 shows the simulated results of the reflection coefficient and the antenna gain as function of frequency over 8–12 GHz. As a result, the reflections have responses of the matching impedance around 10 GHz at which the small difference is affected by the surface impedance in the 2-D arrangement when increasing the array size. This factor can be primarily controlled by tuning the aperture impedance to achieve the impedance matching. To look at the antenna gain, the simulated responses show the radiation enhancement over the observed band, but it gives the small difference of the level and frequency location of the peak. The results of the gain peak and operation frequency is reported as: Case 4 × 4) 8.2 dB at 10.7 GHz; Case 5 × 5) 9.7 dB at 10.0 GHz; Case 6 × 6) 8.7 dB at 9.4 GHz. The frequency locations of the antenna peak are related to the AMC resonance, but it gives a small shift to the higher frequency when applying a small size due to the weak response taken in the array elements.
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Figure 9: Simulated results of the AMC metamaterial-based antenna with varying the array size; (a) the reflection coefficient and (b) the antenna gains at the broadside as function of frequency

The radiation profile in the electric (E) and magnetic (H) plane at 10 GHz was simulated to characterize the radiation pattern between the antenna configuration with and without the patch array as shown in Fig. 10. The planar antenna without the patch array on the top is referred as a baseline which behaves as the traditional narrow aperture radiator to provide a bi-directional pattern both 0° (along the +z direction as a broadside) and 180° (along the −z direction as a backside). In a case of employing the patch array as the AMC metamaterial, the antenna mechanism is able to guide the wave propagation at the broadside and reduce the back radiation resulting in the directional pattern. It is evident that the AMC metamaterial take a control of the field radiation from the primary aperture element which the magnetic response can influence on the conductor surface.

[image: images]

Figure 10: Simulated results of the radiation pattern in (a) the E plane and (b) H plane in a comparison with the primary narrow aperture antenna and the AMC metamaterial antenna

3.3 Loss Effect in Radiation

To investigate the dielectric loss effect in materials as aforementioned, the characteristic of the absorption behaves as a trapped-mode energy that can dominate performance of the radiation. Here, the antenna structure is simulated to study the ability of a radiation by employing the FR4 dielectric material with varying the dielectric loss tangent (tan δ). Fig. 11 shows the simulated results of the antenna gain as function of frequency in comparison with the other antenna cases consisting of the parameter tan δ = 0.02 (lossy case), 0.002 (low-loss case) and 0.0 (lossless case). The resultant gain peaks are obviously reported in the different levels of 9.7, 11.4, and 11.6 dB, respectively. It is known that the absorption around 36.5% reported for a lossy FR4 dielectric in Section 2 that dominates the gain attenuation around 2.0 dB in comparison with the lossless case (no absorbed energy).
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Figure 11: Simulated results of the AMC metamaterial-based antenna by varying the parameter of the dielectric loss including the tan δ = 0.02 (lossy case), 0.002 (low-loss case), 0.0 (lossless case) and the primary aperture (baseline)

To study the low-loss dielectric material, the peak is close to the lossless case that is significant in selection of dielectric materials in other high-quality dielectric types. Therefore, the property of a dielectric material is essential factor in design of a high-gain planar antenna using an AMC metamaterial. Furthermore, the resultant gain of the primary aperture antenna based on a lossy FR4 dielectric is included into the line plot that the peak of 3.5 dB is obtained at 10 GHz in the broadside radiation. It is evident that the characteristic of the radiation gain in the AMC metamaterial antenna can be improved by 6.2 dB at the broadside direction. To observe the profile of the radiation bandwidth of antenna performance, the frequency band response is connected to the transmission resonance in Fig. 6a.

3.4 Characteristics of Surface Current

Fig. 12 shows the magnitude of the surface current distribution consisting of the 0° and 90° phase of the excited field source at 10 GHz which are plotted on the top and at the bottom of the AMC metamaterial antenna. It reports that the surface current configuration associated with the mirror effect of the current characteristics in the AMC unit cell as aforementioned. The effect of the EM mirror can generate the current profile at the bottom which is similar to the appeared current on the array surface. To observe the entire antenna structure, the current distribution is non-uniform due to the wavefront characteristic of the excited field of the implemented antenna that is incompatible to the plane wave in the unit cell simulation. To realize the characteristic of the narrow aperture, the primary radiation behaves as a magnetic dipole. The synthesized antenna is also depended on a near-field factor due to the location of the primary field source which is internally positioned into the AMC metamaterial structure.
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Figure 12: Snapshots of the surface current magnitude on the AMC metamaterial antenna at 10.0 GHz; (a) 0° phase plotted on the top surface, and (b) 0° phase plotted at the bottom, (c) 90° phase plotted on the top surface and (d) 90° phase plotted at the bottom surface

4  Antenna Verification

4.1 Antenna Fabrication

In this section, the prototype of the AMC metamaterial antenna design was produced based on a surface fabrication process of the print circuit board. The 0.8-mm-thick commercial FR4 board with a double-cladded copper was prepared as the target size. It is then cleaned and dried using a solution in the first steps. Next the designed layouts of the 5 × 5 patch array and the short-end CPW-fed aperture structure were patterned on the photomasks. Then the photoresist film was deposited on the copper surfaces and after that the pattern-transferred step was performed on the double-cladded copper of the prepared FR4 substrate by exposing the UV light. Next, the pattern-transferred FR4 substrate was developed using a solution to remove the exposed copper areas and to protect a layout of the antenna design-patterned parts. At the final step, the chemical etching process was performed to remove the unwanted copper surface. Figs. 13a and 13b show the top and bottom surfaces of the complete fabricated planar antenna on which the SMA connector was mounted to the CPW feedline and ground for an input signal energy.
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Figure 13: Photographs of the fabricated AMC metamaterial-based antenna as (a) the 5 × 5 patch resonator array on the top surface and (b) the short-end CPW-fed aperture at the bottom surface

4.2 Antenna Measurement

The test equipment in experiment is setup and calibrated in order to obtain the antenna characteristics including the reflection coefficient (S11) and the radiation gain. Fig. 14a shows the schematic set-up diagram based on the far-field measurement process. It was performed in the anechoic chamber consisting of the fabricated antenna as an antenna under test (AUT) and the standard horn antenna of the 73721 model with the R100 waveguide as a reference source. Both antennas were positioned and oriented on the supporter with a distance separation D = 30.0 cm. The Keysight vector network analyzer (model E5063A) is connected to provide a wave energy signal and obtain a frequency response through the port 1 and 2. The actual setup environment is shown in Fig. 14b which the two antennas are installed inside the anechoic chamber. The antenna gain measurement was determined based on the gain-transfer method to figure out the experimental result [31]. Fig. 15 exhibits the measured results as function of frequency over 8–12 GHz of the reflection (S11) and antenna gain. It reports that the matching impedance of the frequency operation and bandwidth of −10 dB are reported at 9.8 GHz and 800 MHz respectively. The antenna gain is 9.6 dB peaked at 10 GHz. It reveals that the well agreement between the experimental and simulated results is obtained in this measurement. The radiation profiles in the E- and H-plane pattern are measured and plotted at the frequency response of 10 GHz as shown in Fig. 16. It shows that the characteristic of a radiation provides the directional antenna of which the main lobe is at broadside with the low back lobe level. The side-lope level and the front-to-back ratio are reported of around 15.0 and 16.0 dB, respectively. Both the E- and H-plane patterns of the measured results are agreed well with the simulated outputs. It is evident that this antenna structure provides the characteristics of a high gain and directive property in employment of the AMC metamaterial.
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Figure 14: The measurement setup, (a) schematic set-up diagram and (b) photographs of the environment for the antenna measurement
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Figure 15: Measured results of the fabricated AMC metamaterial-based antenna; (a) the reflection coefficient and (b) the antenna gain at the broadside
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Figure 16: Measured results of the radiation pattern in (a) the E plane and (b) H plane in a comparison with the simulated results

The comparison for antenna gains with the similar planar antenna profiles is tabulated in Tab. 2. In their referred works, the recent proposed antenna structures are corresponding to the periodic surfaces and the primary aperture sources with the specified design patterns. The size of the periodic elements, target frequencies, transmission feeders (CPW and microstrip (MS)) and contributions in design and implementation are remarked. The types of the dielectrics with their properties of the relative permittivity (εr) and loss tangent (tanδ) are given to understand the material details. It can be categorized into two sets of different loss properties consisting of (i) the low-loss dielectric in Reference [16–18], and (ii) the lossy FR4 dielectric in Reference [19,20] of which the gain peaks are listed to show the radiation ability. At the target frequency around 10 GHz, the gain performance in this work is comparative to Reference [16] which the used dielectric is relied on a high-quality material. This work achieves the advantages including the low-profile single-layer planar based design, the compact antenna footprint and the FR4 utilization as a cost-effective material.
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5  Conclusions

The characterization and verification of the AMC-metamaterial planar antenna has been successful reported in obtaining the high gain radiation with a low-profile structure and design. In this work, the magnetic response in the AMC metamaterial enables the high directional antenna. The characteristic of the AMC response is associated with the EM field in a thin cavity which is dominated by the parallel-surface structure. The antenna mechanism comes up with the field interaction of the AMC metamaterial and the primary excitation as a source feeder. The material properties in the AMC have been examined to indicate the electric primitivity and magnetic permeability which reveals the strong magnetic response at the resonant frequency. The loss effect in the dielectric gives the influence of the field absorption. The AMC structures can be a guided media to enhance a field radiation with the embedded narrow aperture as a magnetic dipole. As reported, the magnetic characteristic in the AMC structure is the key effect to collimate and guide the field at the frequency response. The compact dimension of the entire antenna structure is 35.0 × 35.0 × 0.8 mm3 (1.17λ × 1.17λ × 0.027λ) operating at 10 GHz for 5G evolution.
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Table 2: Comparison for antenna gain performance with the related antenna profiles
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