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Low-Profile High-Gain Wideband Multi-Resonance Microstrip-Fed
Slot Antenna with Anisotropic Metasurface
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Abstract—In this work, a high-gain and wideband microstrip-fed slot antenna is proposed and
investigated, which is composed of an anisotropic metasurface (AMS) and an aperture coupled structure.
The proposed microstrip antenna with four resonances can be obtained by merging the AMS with an
anomalous inverted m-slot feed structure in a low profile (1.07A x 1.07A x 0.06\). The simulated results
indicate that the proposed microstrip antenna can achieve a wide impedance bandwidth of 56.1% from
3.32 to 5.91 GHz, which is verified by experiment. In addition, the measured results show that the peak
gain of the proposed microstrip-fed slot antenna is 10.7dBi at 5.3 GHz, and the relative bandwidth of
3-dBi gain is 42.2% from 3.85 to 5.91 GHz. Compared with previous works, the proposed design has a
lower profile while achieving a much wider operating bandwidth, where the four controllable resonance
modes offer more possibilities for band expansion. This work shows potential application in integration
with high data rate systems.

1. INTRODUCTION

Nowadays, there is an increasing demand for high speed, accurate, and seamless signal transmission
with the rapid development of 5G communication systems, which requires wideband, high-gain, and
low-profile antennas for easy integration [1]. Microstrip technology has fascinated many antenna
researchers over the last few decades since it can achieve low profile, low cost, easy preparation and
integration [2]. However, traditional designs are usually limited by narrow bandwidth and low gain,
which are difficult to accommodate the requirements of modern 5G communication systems. Designing
compact antennas with a wide bandwidth and good radiation performance is therefore a challenge.
Many effective methods of bandwidth optimization have been proposed intensively, such as increasing
substrate thickness [3], aperture coupling feeding [4], multi-layer metallic-dielectric array radiator [5],
double dipole with stubs [6], or fractal geometry [7]. Meanwhile, several schemes for antenna gain
optimization have also been proposed, such as the use of parasitic patches [8], shorted pins [9], array
technology [10], and Fabry-Perot resonator cavity [11]. For example, Cao et al. simultaneously achieved
a broadband impedance bandwidth of 41.8% (at 15.05 GHz) and a peak gain of 10 dBi by combining two
radiating edges of the main radiation patch with a pair of parasitic mushroom arrays [12]. Nevertheless,
most of the works mentioned above exhibit undesired high operating bands, profile, or polarization
levels.

Metasurfaces (MSs), as quasi two-dimensional (2D) planar forms of metamaterials (MMs), have
been extensively used in antenna design due to their unique electromagnetic (EM) response properties of
efficient selective absorption [13], gain amplification [14-18], bandwidth optimization [19-21], filtering
response [22,23], polarization conversion [24-29], etc. It is found that using a microstrip aperture
coupled feed structure as an excitation element for the MSs can achieve the efficient optimization of
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other parameters while preserving the low-profile characteristics of the antenna structure. For example,
Liu et al. proposed an MMs-based microstrip-fed slot antenna composed of an array of mushroom cells
with ground plane, which could obtain an operating bandwidth of 25% and a peak gain of 9.9 dBi [30].
Subsequently, they constructed a periodic array of tandem capacitors loaded with MMs by slotting in
radiating patches and coupling slot in the floor, achieving an operating bandwidth of 28% and a peak
gain of 9.8dBi [31]. Majumder et al. proposed a wideband microstrip antenna using a pair of feed slot
structures and an MS layer composed of periodically arranged rectangular rings, which could achieve
an impedance bandwidth of 14% with a peak gain of 10.5dBi [32]. Bai and Wang proposed a tri-band
microstrip antenna by combining two superimposed layers of the same size with a diamond-shaped array
and an aperture coupling feed structure, which could achieve relative bandwidths of 7.8% at 4.36 GHz,
3.6% at 5.02 GHz, and 41.1% at 6.81 GHz, respectively [33]. However, the approaches proposed above
still leave a significant scope for expansion in the sub-6 GHz band.

In this paper, a high-gain wideband microstrip antenna composed of an AMS and an inverted 7-slot
coupled feed structure is proposed and demonstrated in microwave region. By efficiently arranging the
unit-cells of the anisotropic metasurface (AMS) and combining an inverted 7-slot coupled feed structure,
multiple successive resonance points can be obtained, and a broadband high-gain radiation of the MS
antenna can be achieved. The architecture of the work is organized as follows. In Section 1, the research
background and significance of the antenna are briefly described. In Section 2, the resonance principle
and phase response of the proposed AMS are explored, and then the resonance modes of the proposed
structure are numerically illustrated. In Section 3, numerical simulations as well as experimental
measurements are carried out to verify the radiation performance of the proposed antenna. Finally,
the conclusion and outlook are given in Section 4.

2. ANTENNA CONFIGURATION AND OPERATION MECHANISM

2.1. AMS Structure Design and Analysis

In order to elucidate the resonance response mechanism of proposed AMS to the incident different
linear polarization waves, a unit-cell structure was constructed as shown in Fig. 1. The unit-cell of the
designed AMS consists of a metal resonator structure and metal ground plane separated by a dielectric
substrate. The FR~4 (lossy) with relative permittivity of 4.3 and loss tangent of 0.025 is selected as the
dielectric substrate in this design. The surface metal resonator structure of the unit cell is constructed
by etching a pair of multistage slots on the surface of a conventional square copper patch, as shown
in Fig. 1(a). Geometric parameters of the unit-cell structure are given as: p = 11.4, w = 5, a = 10,
b=0.5,c=1,d=14,e=1.4, and hy = 3 (all dimensions in mm).

According to the analysis of Sievenpiper et al., the resonance frequency of the unit cell usually
coincides with zero-reflection-phase point [34,35]. At low frequencies, the reflection phase is 7, where
the unit cell behaves like a normal conventional rectangular metal surface. As the frequency increases,
the reflected phase slopes downwards, eventually passing zero at the resonance frequency. Above the
resonance frequency, the phase returns to —m. In order to explore the polarization-dependent property
of the proposed AMS structure, the phase response for the normal incident z- and y-polarization waves
was investigated as shown in Fig. 1(c). The numerical simulation of the proposed AMS structure was
carried out by the method of moments in the spectral domain in CST Microwave Studio (MWS). The
unit-cell boundary conditions were used in the z- and y-axis directions of the unit cell to simulate an
infinite periodic structure of MS with a Floquet port at the front side along the z-axis direction.

For comparison, the reflection phase angles of the conventional square patch for the normal incident
x- and y-polarization waves were also simulated. Owing to its geometric symmetry of the square patch,
the corresponding reflection phase angles are the same for the normal incident z- and y-polarization
waves, e.g., Arg(ry,) = Arg(ryy), as shown in Fig. 1(c). Nevertheless, the surface currents excited at
the surface of the unit cell of the proposed AMS structure have different lengths of paths for the normal
incident z- and y-polarization waves. As shown in Fig. 1(c), for the normal incident y-polarization wave,
the conventional square patch and proposed unit-cell excite similar current paths lengths, resulting in
similar resonance responses around 5.5 GHz. However, in the case of the normal incident z-polarization
wave, a significant redshift of resonance frequency occurs due to the longer surface current path excited
by the proposed AMS structure. It produces resonance responses at 4.58 GHz and 5.35 GHz for the



Progress In Electromagnetics Research, Vol. 175, 2022 93

Metal

AME T o layer

.|
(b)

—=— AMS, 'Arg(ryy)
—e— AMS, Arg(r,,)
= Square MS, Arg(r,,) 1

b

200

100

> % o Square MS, Arg(r,,)
3
P 0 ______________________
m == -~ -
[1+] -
K=
o

-100

-200 :

3 4 5 6 7
Frequency (GHz)
()

Figure 1. The (a) front and (b) lattice view of the unit cell, (c) the simulated reflection phases of the
square patch and the proposed unit cell for the normal incident z- and y-polarization waves.

normal incident x- and y-polarization waves, respectively. By arranging the unit-cell structures orderly
along x- and y-axis directions, two adjacent resonance responses can be obtained simultaneously. It
means that this design method can be used to achieve dual-mode resonance wideband characteristics of
AMS.

2.2. Multi-Resonance Antenna Design and Operation Mechanism

According to the analyses of polarization-dependent reflection-phase features of the proposed AMS
structure, it can be found that different resonance modes can be inspired by arranging the AMS unit
cells along different orientations. To demonstrate this design concept, the proposed AMS array is
combined with a coupling slot to realize a wideband high-gain multi-resonance AMS antenna.

The configuration of the proposed antenna was given in Fig. 2. As shown in Fig. 2(a), the proposed
AMS consists of an array of 4 x 4 unit-cells ordered in the z- and y-axis directions, and is printed on
an FR-4 (lossy) dielectric substrate. From Fig. 2(b), the aperture coupled structure is mainly made of
an inverted m-slot etched at the center of the metal ground-plane, which is combined with a microstrip
feed line. As shown in Fig. 2(c), the proposed design is a three-layer structure where the feeding part is
constructed on the same dielectric substrate as the AMS. After optimization, geometric dimensions are
given as: L ="70,¢g= 14,1, =34, d; = 14, ds1 = 26, dso = 20.4, w1 = 2.8, lg1 = 2, lgo = 41, wq1 = 8§,
wy = 1.8 and hg = 1 (the dimension is all in mm).

As the microstrip line excites the electric fields along the y-axis direction, surface currents will
be generated in the same direction on the surface of the proposed AMS structure. Depending on the
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Figure 2. (a) Front view, (b) back view and (c) lattice view of the proposed AMS-based microstrip-fed
slot antenna.

polarization-dependent property of the unit-cell structure, the surface currents of vertically aligned unit
cells will be excited by electric fields in the same direction with two current paths of different lengths,
resulting in two resonance responses. As the directivity of the radiation from the single aperture
coupled structure is more concentrated along the z-axis direction at the lower frequency and diverges
in the positive and negative y-axis directions at the higher frequency region, the unit cells with longer
excitation current paths are placed in the two central rows, while those with shorter excitation current
paths are placed on the sides. Thus, unit cells are fully excited at different resonance frequencies.
In conjunction with the previous discussion, the arrangement of unit cells can significantly affect the
radiation performance of the antenna. To further elucidate the proposed AMS-based microstrip-fed slot
antenna, the one with four different MS types and arrangements of unit cells with same dimension as
shown in Fig. 3 was constructed for comparison. All of those structures are constructed on FR-4 (lossy)
dielectric substrates with copper patches [36].

The constructed Antennas 1, 2, and 3 are presented as references to further explore the resonance
characteristics of the proposed AMS structure. As shown in Fig. 3(a), Antenna 1 consists of a
conventional 4 x 4 square patch array as its radiation part, where the dimension of the patch is the
same as the proposed unit cell. From Figs. 3(b), (c), the proposed 4 x 4 unit-cells of the MSs of
Antennas 2 and 3 are arranged along the x- and y-axis directions, respectively. For comparison with
the proposed antenna, the three reference antennas all use an identical microstrip aperture coupled feed
structure, and the spacing of unit cells is the same. The performances of the reference antennas and
the proposed one are represented in Fig. 4. As can be seen in Fig. 4(a), the proposed antenna has four
resonance frequency points (fi-f4), located at 3.5 GHz, 4.77 GHz, 4.93 GHz, and 5.67 GHz, respectively,
with a better wideband impedance bandwidth of 56.1% from 3.32 to 5.91 GHz than the three reference
antennas.

Figure 4(b) represents the gain performance of the antennas with four different MS structures,
where the proposed AMS-based antenna achieves the highest peak gain as well as effective and stable
radiation at the higher frequency region. In addition, the proposed antenna structure provides an
effective gain along the propagation direction at all four resonance points, which results in a good
continuous radiation over the entire operating band.

Notably, since the lower frequency resonance f; (3.5 GHz) is mainly provided by the excited coupling
inverted m-slot on the ground plane, all structures resonate around f; after loading the MS with the same
dimensions. However, the unit cells of Antennas 1 and 2, aligned in single direction, respectively, lack
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Figure 4. Comparison of (a) reflection coefficient (S11) and (b) gain of antennas with different MS
types and arrangement of unit cell structure.

the lower frequency resonance response to the incident y-polarization waves and exhibit poor reflection
coefficient. Although the arrangement of MS of Antenna 3 produces a resonance response to the incident
y-polarization waves near the lower frequency, its gain performance is undesirable due to the lack of
resonance response at the higher frequency.

The input impedance of the proposed antenna structure is given in Fig. 5, where it can be seen
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Figure 5. Simulated results of the real and imaginary parts of the input impedance of the proposed
antenna structure.
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Figure 6. Simulated surface current distributions of the proposed AMS array at (a) 4.77 GHz and (b)
5.67 GHz.

that the real part of the proposed antenna is about 502 at different resonance frequencies, while the
imaginary part is near 0. It means that the input impedance of the proposed antenna structure is
matched well with the microstrip-fed line. Thus, we can expect that the proposed antenna structure
should have a better radiation performance in our interested frequency range.

To explore the operating mechanism of the proposed design, the surface current distributions at
four resonance frequencies are depicted in Fig. 6 and Fig. 7, respectively. The surface currents on
the AMS array at the two resonance frequencies (fo = 4.77GHz and f; = 5.67 GHz) have essentially
uniform vectors, but the amplitudes behave differently. At the second resonance fo (4.77 GHz), the
surface currents on the middle two rows of horizontal unit cells are predominantly excited, while the
current amplitude in the upper and down area is smaller. On the contrary, the surface currents of the
unit cells of the upper and down marginal area are mainly excited at the fourth resonance f4 (5.67 GHz).
At the same time, the surface energy is fully concentrated and radiated by different rows of the AMS
unit cells at the corresponding frequencies, which allows the antenna structure to exhibit a high gain at
the above two resonance frequencies. It can be seen clearly that for the incident y-polarization waves,
the center unit cells with the longer excited current path is mainly responsible for the radiation at
the second resonance fo, while the marginal unit cells with the shorter excited current path is mainly
responsible for the radiation at the fourth resonance f;. The simulation results were consistent with
the analysis of the unit cell and demonstrated the feasibility of the proposed AMS structure to excite
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Figure 7. Simulated surface current distributions of the microstrip aperture coupled feed structure at
(a) 3.5 GHz and (b) 4.93 GHz.

dual-mode radiation. It means that the second and forth resonance modes are mainly determined by the
designed AMS. By loading a pair of symmetrical multistage stubs on a conventional rectangle slot of the
AMS structure, two radiation modes (fy and f;) can be achieved. To further investigate the radiation
mechanism of the proposed design, the surface current distributions of the microstrip aperture coupled
feed structure at the first f; (3.5 GHz) and third resonances f3 (4.93 GHz) are given in Fig. 7.

The microstrip aperture coupled feed structure of the proposed antenna is made of an inverted
m-slot and a microstrip feed line separated by an FR-4 (lossy) substrate. The inverted m-slot was fed
by a microstrip line located on the back of the substrate. The height of the inverted m-slot is d;. When
d; = 0, only the full-wavelength mode, i.e., the main radiation mode is excited, as shown in Fig. 7(b).
At this point, the surface currents are mainly concentrated at the edge of the rectangle slot, which
excites the main radiation mode. The length of inverted m-slot will affect the third resonance mode,
and the corresponding resonance frequency f3 can be expressed approximately as [10, 31]:

fa = c/(sv/Ere) (1)

Ere = (5T+1)/2+ (1/%) (er — 1)/2 2)

where c is the free-space speed of light, ¢, the equivalent permittivity, and e, the relative permittivity
of the dielectric substrate. By bringing in the relevant parameters, it is calculated that €, equals 3.25,
and f3 is approximately located at 4.90 GHz, which agrees with the simulation. When d; increases
gradually, the extra radiation mode is introduced, and the current distribution of the inverted m-slot
is displayed in Fig. 7(a). In this case, the surface currents are mainly concentrated at the edge of the
inverted m-slot, which is mainly provided by a part of the main radiation mode. The inverted m-slot will
affect the first resonance mode, and the corresponding resonance frequency fi; can be approximately

expressed as [10]:
i/ [(ds + 2dp) Vere] (3)

By calculation, f; is approximately located at 3.26 GHz, which is close to the simulation one. Since
the center part of the rectangle slot gathers more currents than the slot stubs, the radiation patterns
from the inverted 7-slot can remain stable. It can be clearly seen that the feed structure has two different
radiation modes. And the two modes are independent of each other at various resonance frequencies,
resulting in the improvement of wideband performance.

The resonance modes are mainly determined by the slot length [, and height d; of the inverted m-slot,
and the effects on the reflection coefficient (S11) for the variation of the parameters are depicted in Fig. 8.
As shown in Fig. 8(a), when the length [, of the inverted m-slot structure is increased gradually, the
frequency of the third resonance f3 decreases steadily, while the overall S7; of the antenna deteriorates
progressively. In order to obtain a wider operating frequency and a stable Sy1, [s was set as 34 mm in
this design. It is worth noting that with the change in the third frequency fs3, the resonance response of
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Figure 8. Effect of (a) s and (b) d; of the inverted m-slot structure on the reflection coefficient (Si1)
of the proposed microstrip antenna.

the inverted m-slot will be affected by the main radiation mode resonance, resulting in a red-shift in the
first resonance fi as well as when [, is increased. In contrast, when the height d; of the inverted m-slot
is increased gradually, only the first resonance frequency f; as the extra radiation mode resonance is
significantly shifted. To balance the S1; and operational bandwidth, d; was set as 14 mm in this design.

3. MEASUREMENT RESULTS AND DISCUSSION

For proving the design conception, the prototype of the proposed AMS-based microstrip-fed slot antenna
was fabricated by the traditional printed-circuit-board (PCB) technology, and further measurements
and discussions were implemented. Fig. 9 presents photographs of the fabricated design, including
three layers of the AMS array, coupled inverted w-slot, and microstrip feed line, which are made of
copper and separated by FR-4 (lossy) substrate.

Simulated and measured Si; and realized gain results of the proposed antenna are presented in
Fig. 10 for comparison and verification. The results of return loss (Si;) and gain were obtained by
microwave measurement through a vector network analyzer (Agilent E8362B) connected with a standard
antenna system [36, 37]. Asshown in Fig. 10(a), it can be clearly seen that the actual measured resonance
points obtained at 3.51 GHz, 4.7 GHz, 4.95 GHz, and 5.59 GHz are in reasonable agreement with the
simulated results. Besides, the measured S7; below —10dB of the proposed antenna is from 3.26 GHz
to 5.84 GHz with the relative bandwidth of 56.7%, which is consistent well with the simulated one.
The discrepancies between the measurement and simulation are mainly due to fabrication tolerances,
installation errors, and some disturbances in the experimental environment. Fig. 10(b) presents a
comparison of the measured results of the gain with the simulated ones. The measured gain is over
8 dBi on average across the whole interested frequency range. In addition, the measured peak gain is
about 10.7 dBi. The trend of the measured gain vs frequency is in close compliance with the simulated
result, which proves the feasibility of the design method.

The measured radiation patterns were obtained by placing the antenna at the center of the revolving
stage and using a wideband horn antenna connected with an embedded intelligent platform (IPC-
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Figure 9. The photographs of the fabricated prototype: the front view of (a) the AMS, (b) coupled
inverted m-slot structure, and (c) microstrip feed line.
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Figure 10. Comparisons of the measurement and simulation: (a) reflection coefficient (Si11), and (b)
realized gain.

810E). The simulated and measured radiation patterns of the antenna in FE-plane and H-plane at
the corresponding four resonance frequency points are shown in Fig. 11. As can be seen, the radiation
characteristics show good unidirectionality and stability in the operating frequencies. Although there are
certain preparation and measurement tolerances, good agreement between the simulated and measured
results can be observed. In addition, low cross-polarization levels of less than —16 dB can be observed
in both the E-plane and H-plane. These results show the wideband, high-gain, and stable radiation
characteristics of the proposed design.

To characterize the radiation properties of the proposed antenna more visually, the simulated 3D
far-field patterns at four corresponding resonance points are provided in Fig. 12. The gain variation,
radiation directionality, and half-power beamwidth of the proposed antenna maintain good stability
under a variety of resonance and radiation modes, proving feasibility of the design method.
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Figure 11. Measured and simulated radiation patterns of the proposed design in both (a), (c), (e),
(g) E-plane and (b), (d), (f), (h) H-plane at different resonant frequencies: (a)-(b) 3.5 GHz, (c¢)—(d)
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Figure 12. Simulated 3D far-field patterns of the proposed antenna at different resonant frequencies.

In order to better show the advantages of the proposed AMS-based microstrip-fed slot antenna,
comparisons with various previous antenna designs are presented in Table 1, where ) is the wavelength
corresponding to the center frequency of the antenna. Clearly, compared with other previous
works [10,30-32,35], the proposed design has a lower profile while achieving a wider operating
bandwidth, where the four resonant modes offer more possibilities for band expansion. This study
is able to further expand on the independently tunable resonance points starting from the polarization
modes. In addition, the side and rear lobe levels can also be a starting point for further optimization
of the structure.

Table 1. Comparison of the proposed antenna with previous ones.

Impedance Peak
) . . Number of
Ref. Size bandwidth gain
) resonances
(%) (dBi)
[10] 1.21X0 x 1.21)y x 0.10X¢ 34.7 12.3 2
[30] 1.10Ag x 1.10Ag x 0.06A¢ 25 9.9 2
[31] 1.10Ag x 1.10Ag x 0.06 ¢ 28 9.8 2
[32] 1.26A0 x 1.26Xy x 0.03X¢ 14 10.5 2
[35] 1.10Ag x 1.10Ag x 0.06 ¢ 44.4 10.9 3
Proposed | 1.07X\g x 1.07Ay x 0.06 ¢ 56.1 11.1 4
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4. CONCLUSION

In conclusion, a wideband and high-gain microstrip-fed slot antenna based on an AMS and microstrip
aperture coupled structure was proposed and demonstrated experimentally. A dual frequency resonance
response to different polarization waves was achieved by etching multistage slots on a conventional
square patch. A dual-mode resonance AM was constructed by rationalizing unit-cell structures along
two orthogonal orientations. An additional low frequency resonance mode was introduced by etching
a pair of stubs symmetrically into a horizontal slot in the center of the ground plane. When the dual-
mode resonance AMS was applied to a dual-mode aperture coupled structure, the combination of the two
dual-mode resonances enable wideband radiation with four adjacent resonance frequencies. Simulated
and measured results show that the proposed design achieves a relative bandwidth of more than 56%
and a stable gain in the operating frequency range. Compared to the previous several representative
designs [10,30-32,35], the proposed design method enables an extended impedance bandwidth and
flexible and controllable resonances. It has good scalability, and by improving on the multi-polarization
method, more independently controllable resonance modes are expected to be realized, leading to further
optimization of the impedance bandwidth. The proposed design meets the requirements of high data
rate communication systems, covers n77, n78, and n79 frequency bands in the FR1 frequency range as
well as the downlink bands with a low relative profile and small size.
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