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ABSTRACT Based on bionics, we design and analyze the left-handed (LH) characteristics of meta-elements
with leaf-shaped structure. The double negative (DNG) frequency band of the initial leaf-shaped LH structure
is 5.77-6.17 GHz with a fractional bandwidth of 6.7%. Inspired by two overlapping leaves, and based
on topology, we evolve the leaf-shaped LH structure into a line-line coupled double-leaf LH structure.
The DNG frequency bands of the line-line coupled LH structure are 2.96-3.86 GHz and 4.14-4.18 GHz.
This structure not only retains some of the radiation and reflection properties of the initial design, but
also gains new electromagnetic characteristics (an additional DNG frequency band). Finally, the line-
line coupled LH structure is further evolved, through mostly homeomorphic deformation, into a ring-ring
coupled double-veined leaf-shaped LH structure. The DNG frequency bands are 3.05-3.81 GHz and 5.31-
5.41 GHz, and the fractional bandwidth are 22.2% and 1.9%, respectively. The arc-vein branches form
parallel ring-ring coupling with the margin, affecting the structure’s impedance and capacitance. Similar to
the line-line coupling, it can locally stretch the electromagnetic characteristics, expanding the corresponding
DNG bandwidth. Through the establishment of electromagnetic topological set, we classify and analyze
the topological transformation and the corresponding changes in electromagnetic characteristics. We then
use formula to express the process of topological transformation intuitively. Finally, the ring-ring coupled
LH structure is loaded on a microstrip antenna in several different ways, improving the antenna’s radiation
properties, including bandwidth, directivity, and gain.

INDEX TERMS Array loading microstrip antennas, bionics, electromagnetic topological set, left-handed
materials, radiation beam control, topological transformation.

I. INTRODUCTION
In recent years, many efforts have been devoted to designing
novel metamaterials with left-handed (LH) electromagnetic
characteristics. These LH materials (LHM) have a focusing
effect on the electromagnetic wave, which can be utilized
to increase the gain of antennas and improve their com-
munication performance. Most of the designs of LHM are
of conventional shapes based on the classical split-ring res-
onators (SRRs) model. However, regularly shaped metama-
terials have some key disadvantages, such as having few
adjustable parameters and limited flexibility in terms of struc-
tural design. The living organisms in nature are constantly
evolving through survival of the fittest, and there are some
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excellent structures that are worth learning from. Therefore,
it is not surprising that bionics, or biologically inspired engi-
neering, has been applied in many fields, including antenna
design. But there are still very few examples in LHMstructure
design.

By applying bionics principles, researchers in [1] proposed
a fern inspired fractal antenna, and showed that fractal iter-
ation can reduce the operating frequency of the antenna.
In [2] a novel dual-band fractal bionic antenna resembling the
branch structure of tree was designed. The antenna met the
requirements of a variety of wireless applications. In [3]
the Bionic Antenna Array (BAA) sensor for identifying
non-contact motion was proposed. In [4] a petal-inspired
deployable-foldable mechanism for space applications
was proposed based on features common to the flower
blooming process. In [5] a real-time stereo vision SLAM
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system based on bionic eyes was presented. Ref. [6] shows
that reliable and comfortable advanced bionic prostheses can
assist Paralympics athletes to achieve great results. In this
paper, we employ bionics to design a simplified leaf-shaped
LH structure and gradually evolve it through topological
transformation.

Topology is concerned with certain properties that a graph
keeps unchanged after continuous morphing - topologi-
cal properties [7]. These inherent properties of a graphic
are not affected by its shape or size. In [8] topological
transformation is divided into three categories according
strength: differential homeomorphic deformation, homeo-
morphic deformation and non-homeomorphic deformation.
Among them, differential homeomorphic deformation refers
to some smooth elastic deformation that maintains the cur-
rent and electric field distributions, with the electromagnetic
characteristics showing a continuous change. Homeomorphic
deformation refers to making more obvious changes while
keeping the overall structure and performance unchanged.
In some cases, however, spurious frequencies may be pro-
duced. Non-homeomorphic deformation refers to tearing,
combining, or gluing the structure. It has the strongest trans-
formation intensity, and greatly affects the current and electric
field distribution.

For complex LH structure, analysis based on circuit theory
and electromagnetic field theory is complicated. And with
large amount of calculation, the error generated by the equiv-
alent circuit method becomes greater. In this case, circuit
theory combined with topological transformation theory and
set theory can be used to analyze the LH structure.

With analysis from the perspective of topology, we classify
the change of the length of transmission line (TL) and the
corresponding gradual change of reactance as homeomorphic
transformation. If a TL is divided into two, the changes
of topological structure and the electromagnetic parameters
are non-homeomorphic. The mutual conversion of LHM
and right-handed material (RHM) rely on discontinuity in
property of the structure resulting from non-homeomorphic
topological transformation, which cannot be achieved by just
changing the length or size. The classic SRRs [9] can be
regarded as the result of bending the two arms of a microstrip
dipole. The two structures are similar in topology. But their
electromagnetic properties are completely different. After the
two arms are bent, a series capacitor is formed between the
inner arm and the outer arm, giving the SRRs LH charac-
teristics. Therefore, the theory of topological transformation
alone is not enough for studying related structures. It is
necessary to include field distribution analysis to capture the
electromagnetic characteristics.

Drawing lessons from ideas related to the online database
of topological electronic materials [10]–[12], based on topol-
ogy and LHM electromagnetic characteristics, we begin with
a few electromagnetic topology sets, and classify the changes
in electromagnetic properties caused by different types of
deformation. We then use formula to express the process of
topological transformation intuitively.

More specifically, we design a simplified asymmet-
ric leaf-shaped LH structure. Then the line-line coupled
double-leaf LH structure and the ring-ring coupled double-
veined leaf-shaped LH structure are obtained through topo-
logical transformation. The three LH structures and relevant
properties are categorized as electromagnetic topology sets,
and the deformation process is expressed by formula as semi-
quantization. Detailed analysis revealed transformationmeth-
ods that might be applicable to other microstrip antennas
with relatively complex structure. In the last chapter, after
comparing the LH characteristics of the three meta-elements,
we choose the ring-ring coupled double-veined leaf-shaped
LH structure as the basic LH unit cell for array loading.
Through simulation and measurement, different arrange-
ments of the LH unit cells are loaded on a simple microstrip
antenna in several different ways, some of which are shown to
improve the antenna’s performance to a certain extent. At the
same time, it also demonstrates the advantages of topology in
guiding the design of LH structure.

II. UNIT DESIGN
A. THE ORIGIN OF THE LEAF-SHAPED STRUCTURE
Pendry et al. theoretically proved when thin metallic wires
are periodically arranged, they have an equivalent negative
dielectric constant below the plasma frequency [13]; and
the periodically arranged SRRs have an equivalent negative
permeability [14]. The LHM can be obtained by overlapping
the negative permittivity and negative permeability frequency
band. Additionally, in [8], analysis based on TL theory and
experiments show that LH characteristics can arise from the
combination of series capacitance (SEC) and shunt induc-
tance (SHI). In fact, a structure similar to Fig. 3(b) has LH
properties.

The natural leaf’s reticulated venation shown in Fig. 3(a)
is a classic example of fractal recursion. A structure with
such formation may contain multiple subsystems that meet
the requirements above and have the potential to achieve mul-
tiple frequency bands (some of which may overlap into one)
and wide absolute bandwidth. Based on this, we designed a
simplified leaf-like structure which is shown in Fig. 3(b) -
a bionic design with the potential to have wide bandwidth
and frequency coverage, as well as broad compatibility for
antenna applications. Fig. 1 shows the origin of the leaf-
shaped structure and the ground planes in each iteration
in Fig. 1 are the same. Together with Fig. 2, they show each
subsystem’s corresponding resonance property, and hint at
the multi-band potential of leaf-shaped structure with more
complex vein system. An object has inherent antenna char-
acteristics. So, from the perspective of wire antenna the-
ory, the resonant frequency is estimated by the following
equations:

f =
c
λ

(1)

λg =
λ
√
εr

(2)
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FIGURE 1. The evolution of leaf structure. The top view of (a) The main
pole (midrib), (b) The midrib plus vein branches, (c) The midrib plus
margin arcs, (d) The midrib plus branches and plus arcs. (e) The back view
of leaf structure: ground plane.

where c is the speed of light (3 × 10^8 m/s) and εr is the
dielectric constant of the substrate. λ and λg are wavelength
in free space and in the waveguide, respectively. Most of
the parameters in the evolution process are retained in the
final leaf-shaped structure, as shown in Table 1 (where b is
1.8 mm). The structure is loaded on FR-4 dielectric substrate
with permittivity εr = 4.4, electrical conductivity tangent loss
tanδ = 0.02, and thickness of 1.5 mm. For Fig. 1(a). The
length of the midrib is 7 mm (generally the length of the
antenna is 1/4 to 1/2 wavelength), and the lowest resonance
frequency is about 10 GHz. For Fig. 1(b), the branch length is
1.8 mm, and the lowest resonance frequency of the structure
is about 7.5 GHz. For Fig. 1(c), the length of each arc of the
ellipse margin is 6 mm, and the lowest resonance frequency
of the structure is about 3.5 GHz. For Fig. 1(d), the lowest
resonance frequency is about 3.3 GHz.

As shown in Fig. 2, the theoretical estimation and the
simulation result are basically in agreement. The leaf-shaped
structure can be regarded as a combination of leaf vein
branches of different length. From Fig. 1(a) to Fig. 1(d),
because current path of different length correspond to dif-
ferent frequency points, the resonant frequency points and
bandwidth are changed when different parts are added to
the midrib. Since a leaf-shaped structure can provide various

FIGURE 2. The return loss of 4 evolutionary structures. (a) 2-30GHz.
(b) 2-10GHz.

combinations of current path, especially when vein branches
of different length are added, the performance of such design
can be further tweaked and improved with increasingly com-
plex vein system. As a general rule, the lowest frequency
points correspond to the total length of the structure whereas
the highest ones correspond to the branches and sub-branches
themselves. It is a fractal process that uses similarity to fill
space of leaf structure by loading veins of different length.
With the increase and iteration of the veins of different length,
the resonant frequency of the antenna can be changed in
a wide range while keeping the size of the dielectric sub-
strate unchanged to achieve frequency reduction and width
characteristics. But considering the problem of impedance
matching, not every frequency point is well matched. Never-
theless, they satisfy not only sub-6G communication, but also
millimeter wave and even optical frequency bands application
requirements.

B. LEAF-SHAPED SINGLE FREQUENCY LH STRUCTURE
The targeted basic resonant frequency is set to 5.0 GHz. The
midrib (See Fig.3(b)) in the middle and the arcs on both sides
correspond to the low frequency point, and the combination
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FIGURE 3. (a) Natural leaf. (b) Schema of the leaf-shaped LH structure.

of inner veins, middle stem and outer arc can generate many
frequency points. Then the λ in free space and the λg in the
waveguide can be calculated by (1) and (2). Using the 1/4
wavelength rule, considering both themedium and free space,
we can estimate the total length of the middle pole should be
around 7-15 mm. So, let the length of the midrib= the length
of the substrate = L = 7 mm. The angle between the veins
and the midrib is θ = 45◦.
In the leaf-shaped structure, the veins are equivalent to

parallel inductors and the two openings in the margin are
equivalent to series capacitors, whereas the midrib act as SHI.
Additional capacitors are formed at the small gaps between
the veins and the margin, which can also be seen as SEC
for different current paths. There are several candidates of
SEC-SHI structure within the meta-element. The vein struc-
ture including the midrib is expected to produce negative
permittivity, while the two openings in the margin of the leaf
and small gaps between the inner veins and the margin are
expected to produce negative permeability. By adjusting the
parameters of the structure, the electrical resonance and the
magnetic resonance can overlap, resulting in double negative
(DNG) characteristic. Table 1. lists the geometric parameters
obtained through HFSS optimization. Fig. 4(a) and Fig. 4(b)
shows the simulation results.

TABLE 1. Geometric parameters of the leaf-shaped LH structure (in units
of mm, aside from vein-midrib angle θ).

With traditional RHM, the phase velocity is along the
direction of energy flow, resulting in a regular forward wave.
This means that as the operating frequency becomes higher,
the phase lag will also increase. With LHM it is the opposite
and a backward wave can be observed.When the S-parameter
matrix is obtained by simulation or real measurements,
the expressions of refractive index and wave impedance can

FIGURE 4. (a) Simulated S-parameters, permittivity, permeability, and
phase. (b) Real Re(n) and imaginary Im(n) parts of refractive index, and
figure of merit (FOM).

be inversely deduced by using S-parameter inversion method
proposed in [15]. These expressions can then be used to
calculate the equivalent dielectric constant and equivalent
permeability. From there, the DNG frequency band of the
leaf-shaped LH structure is derived as 5.77-6.17 GHz.

With the help of simulation of the surface current dis-
tribution and magnetic field distribution, we analyze which
parts have notable influence on the performance of antenna
in order to guide the subsequent topological transformations.
As shown in Fig. 5(a), the current directions in left and right
arcs of the margin are the same, forming a magnetic moment
in opposition to the external magnetic field and generating
magnetic resonance. Fig. 5(b) shows that, at each of the
upper and lower gaps, there is a strong potential difference,
which can form a strong coupling and generate plasma effect.
Fig. 5(c) shows that the magnetic field is mostly confined
to the left arc. The difference in magnetic field strength
results in the structural imbalance that enhances magnetic
resonance. As discussed above, the generation of the direc-
tional magnetic field is mainly concentrated at the elliptical
margin of the leaf, so the topological transformation can be
concentrated here.
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FIGURE 5. Leaf-shaped LH structure with (a) Current flow. (b) Electric
field distribution. (c) Magnetic field distribution.

C. NON-HOMEOMORPHIC DEFORMATION TO LINE-LINE
COUPLED DUAL FREQUENCY LH STRUCTURE
The non-homeomorphic topological transformation can
change the shape of the figure greatly. It may tear, com-
bine, or glue the figure. That is, the structure may frac-
ture or converge at different points, or multiple figures can
be combined or glued together [8]. According to TL theory,
this type of transformation will significantly change the elec-
tromagnetic properties of the structure.

Inspired by the shape of two overlapping leaves (See
Fig. 6(a)), we change the basic leaf-shaped LH structure to
the combination of two similar units, named the line-line
coupled double-leaf LH structure (See Fig. 6(b)). The vein
structure is simplified, the shape of the margin is changed
from ellipse to circle as the two are topologically equiv-
alent, and the two leaves are combined in reverse. Each
blade has one side of its arc shaped margin shortened and
coupled with the midrib of the other blade. For the new
structure in order to be able to generate negative permittivity,
we keep the midribs unchanged. The inner veins of two
blades form a new coupling structure, which is equivalent to a
capacitor.

To make room for the subsequent topological transforma-
tion, the substrate size is changed to 10 mm. Let the diameter
of the circle = the length of the midrib = 9 mm. According
to the estimation based on wire antenna theory ((1) and (2)),
the resonance frequency corresponding to the midrib and the
arc must be lower than that of the basic leaf-shaped structure.
The possible lowest resonance frequency is around 3.5 GHz.
The angle between the internal branch and the midrib is
changed to 25◦ and the length is about 5 mm. The parameters
determined by simulation are listed in Table 2.

TABLE 2. Geometric parameters of the line-line coupled double-leaf LH
structure (in units of mm, aside from vein-midrib angle p).

FIGURE 6. (a) Two overlapping leaves. (b) Line-line coupled double-leaf
LH structure.

The simulation results are shown in Fig. 7(a). Compared
with the original leaf-shaped LH structure, the line-line cou-
pled double-leaf LH structure produces two DNG frequency
bands, which are 2.96-3.86 GHz and 4.14-4.18 GHz (adding
one wide low-frequency DNG band). From the perspective
of equivalent-circuit theory, the overall circuit of this struc-
ture is composed of two identical circuits of the deformed
leaf-shaped LH structure, plus three capacitor connections
formed between them.Moreover, based on their sizes, we can
estimate the current paths going through the two midribs
correspond to low frequency, and those oscillate in the veins
correspond to high frequency. The new line-line parallel cou-
pling of the two inner veins may offer possible explanation
as to why the new structure is able to produce wide negative
permittivity bands even though the vein structure of each
blade is simplified.

From the perspective of topological transformation, the
double-leaf LH structure is a short-range interaction of
two identical LH units that are derived from the original
leaf-shaped LH structure through homeomorphic deforma-
tion. The short-range interaction is an essential change that is
non-homeomorphic, whichwill greatly affect the electromag-
netic properties of the structure. While with homeomorphic
deformation the new structure is expected to inherit the prop-
erties of the original. Therefore, when the two are performed
together, new electromagnetic characteristics may be gener-
ated on the basis of maintaining some of the electromagnetic
properties of the original structure. That is, an extra frequency
band with LH characteristic is realized by adjusting the
capacitance and inductance. Therefore, non-homeomorphic
topological deformation may lead to a change in the perfor-
mance of the unit structure at certain frequencies from RHM
to LHM, which is an important turning point in terms of
electromagnetic properties.
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FIGURE 7. (a) S-parameters, permittivity, permeability, and phase. Current
distribution at (b) 3.10 GHz. (c) 4.14 GHz.

The current distribution of the line-line coupled double-leaf
LH structure at 3.10 GHz and 4.14 GHz can be used to further
explain the generation of the two DNG frequency bands.
At 3.10 GHz, as shown in Fib. 7(b), a co-current is formed at
the right side of the structure, going through the right long-arc
and the right midrib. It can produce a magnetic moment in the
presence of the applied magnetic field and generate magnetic
response. When the magnetic resonance strength is greater
than the applied magnetic field strength, negative equivalent

FIGURE 8. (a) The influence of d1 on resonance frequency. (b) Current
distribution with d1 = 2.0 mm.

permeability is obtained. Similarly, Fig. 7(c) shows the for-
mation of a reverse magnetic moment at the region enclosed
by the left midrib, the two short-arcs, and the right midrib,
at 4.14 GHz.

The effect of the parameter d1 on the resonance frequency
of the line-line coupled structure is shown in Fig. 8(a).
The low frequency point decreases with the increase of d1,
whereas the high frequency point slightly increases with it.
The current distribution of the line-line coupled structure
is mainly concentrated in the midribs and the circular mar-
gin. This is unchanged between Fig. 7(b) and Fig. 8(b). So,
changes to d1 has a greater impact on the low-frequency point.
And since the current intensity and distribution in the internal
veins remain mostly unchanged, the high-frequency point is
hardly affected.

D. HOMEOMORPHIC DEFORMATION TO RING-RING
COUPLED DUAL FREQUENCY LH STRUCTURE
Homomorphic deformation is a certain type of topologi-
cal transformation whose deformation strength is weaker
than that of non-homeomorphic deformation [8]. When such
transformation is applied to an LH structure, the resulting
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meta-element inherits the prototype structure’s characteris-
tics and may obtain new features. This provides an idea for
improving the performance of an existing LH structure.

Inspired by reticulated venation of leaves in nature (See
Fig. 9(a)), the left and right outer veins of the line-line coupled
double-leaf LH structure branch sideways along the margin
into arc-veins, forming the ring-ring coupled double-veined
leaf-shaped LH structure shown in Fig. 9(b). Compared with
the line-line coupled structure, the midribs and outer arcs
remain unchanged, so the corresponding low-frequency point
remains the same according to estimation based on wire
antenna theory. The inner arc length (going across the con-
nection point) is about 7 mm and the high frequency point is
about 5.3 GHz.

FIGURE 9. (a) Reticulated venation of natural leaf. (b) The ring-ring
coupled double-veined leaf-shaped LH structure. (c) S-parameters,
permittivity, permeability, and phase.

In the ring-ring coupled LH structure, the rotation angle of
the four straight veins is changed to q= 30◦. Other geometric
parameters remain the same as those shown in Fig. 6(b) and
Table 2, whereas new ones are labeled in Fig. 9(b) and listed
in Table 3. Fig. 9(c) shows the simulated parameters. The new
meta-element’s DNG frequency bands are 3.05-3.81GHz and
5.31-5.41 GHz, and the fractional bandwidth are 22.2% and
1.9%, respectively. The addition of the arc-veins moves the
high resonant frequency point forward, while simultaneously
expanding the high-frequency DNG band.

This is because branching increases the electrical length
of the structure. When the effective path of current is
increased and new couplings are formed, the equivalent

TABLE 3. Geometric parameters of the ring-ring coupled double-veined
leaf-shaped structure (in units of mm, aside from angle q).

inductance and capacitance of the structure are changed,
causing the resonance frequency to increase. And similar
to previous analysis, modification to current paths going
through the vein structure corresponds to changes in the
meta-element’s high-frequency characteristics. Furthermore,
as parallel coupling results in variable current path based on
where the jump off point is from one side of the equiva-
lent capacitor to the other, the high-frequency DNG band is
expanded.

From the perspective of topological transformation, adding
the arc-veins and extending them are both topological exten-
sions belonging to homeomorphic deformation, while con-
necting the inner branches with the outer ring belongs to
non-homeomorphic deformation. The ring-ring parallel cou-
pling between the arc-veins and the margin resembles the
line-line coupling first introduced in the previous structure.
Moreover, since the size of the arc-veins is small, their
effects on current pathsmostly corresponds to high frequency.
Therefore, the branching should have a greater impact on
high-frequency characteristics. In a word, the change in the
topological properties of the graph leads to the change in the
electromagnetic parameters of the structure. Homeomorphic
transformation and non-homeomorphic transformation can
adjust performance on the basis of retaining part or most
of the original characteristics, which is useful for improving
LHMs.

The bionic leaf-shaped LH structure has the advantage
of DNG bandwidth expansion through sideways branching
of the veins near the margin, or more specifically, the type
that extends along the margin and form parallel coupling
with it. Compared with the single-frequency LH structure
in [16], the meta-element with dual-frequency characteris-
tics can provide the basis for subsequent implementation to
improve microstrip antennas for dual-frequency coverage.
And compared with common LH structures such as those
in [17]–[19], the proposed design has the following advan-
tages: small size, single-sided, multiple adjustable parame-
ters, easier to produce, easier to integrate into application,
and complex venation of natural leaf as template to explore
further improvements. For microstrip antennas with topolog-
ically similar structures, such as the UWB antennas in [20]
and [21], it could be possible for researchers and engineers to
apply similar transformation methods to increase the band-
width at different frequency ranges, which is worthy of fur-
ther study.

Fig. 10(a) shows as vein-midrib angle q increases,
the effective current path increases (lower resonant fre-
quency points). When effective current path becomes longer,
the average magnetic flux generated by the structure in
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FIGURE 10. Simulated S11 and S21 for different parameters. (a) q. (b) g3.

the electromagnetic field increases, and the overall magnon
intensity change. As a result, the frequency of magnetic reso-
nance decreases, and the corresponding DNG frequency band
move to the left. Fig. 10(b) shows increasing gap width g3
of the ring-ring coupling will reduce not only the equivalent
capacitance of the circuit, but also the average magnetic flux
of the overall structure. Therefore, the magnetic resonance
frequency of the structure increases. In conclusion, we can
adjust the high-frequencyDNGband by adjusting the relevant
geometric parameters according to application needs.

III. ANALYSIS OF LEAF-SHAPED LH STRUCTURES BASED
ON ELECTROMAGNETIC TOPOLOGY SETS
If structures of all leaves in nature are established as a set,
then the three LH structures designed in this paper are sub-
sets of the natural leaf set, namely the leaf-shaped set (A),
the double-leaf non-homeomorphic combination topology
set (B) and the homeomorphic vein extension topology
set (C). Based on geometric topology and LHM electromag-
netic theory, different topological transformations and the
changes in electromagnetic properties caused by them are
classified through the establishment of sets. Then, formulas
can be used to semi-quantify the process of the deformation,

making it more intuitive. The leaf-shaped set is the prototype
of the latter two sets and it serves as a comparison here,
so only the latter two are analyzed in detail.

The elements in the leaf electromagnetic topology set
include the topology, electromagnetic, and radiation charac-
teristics of the structure. The double-leaf combined line-line
coupled LH structure is composed of two identical leaf struc-
tures, each obtained through homeomorphic deformation on
the original leaf-shaped LH structure. Here, the original
leaf-shaped LH structure belongs to A, and the set of slightly
deformed leaf-shaped LH structure is defined as A, whereas
⊕ is defined as the short-range interactive combination of
two slightly deformed leaves. Then the line-line coupled
double-leaf LH structure can be represented by the following
formula:

B = A′ ⊕ A′ (3)

From the analysis based on topology, the short-range inter-
active combination of two identical geometric figures is an
essential change in the topological structure. In terms of
radiation characteristics, the combination of the two identical
blades produces a new coupling effect, adds new induc-
tance (midrib) and capacitance (coupling between struc-
tures). On the other hand, the preceding changes from A
to A removed several short inductors (veins) along with
their capacitor connection (vein-margin). Overall, when com-
pared with A, the resonance frequency of B is reduced as
seen in Table 4. In terms of electromagnetic characteristics,
the equivalent circuit of the two blades is connected by the
line-line coupling capacitor and the gap capacitors between
midribs and the shortened arc-margins. The equivalent circuit
of the entire structure has changed, and a DNG frequency
band is newly added. Estimated from their size, the current
paths going through the two midribs correspond to low fre-
quency, and those oscillate in the veins correspond to high
frequency.

The vein extension ring-ring coupled LH structure is
obtained by extending the outer veins sideways on the basis
of the double-leaf combined line-line coupled LH structure.
Here, symbol ≈ represent the sideways extension of veins
along the margin, and + is defined as the combination of the
double-leaf line-line coupled LH structure and the extended
arc-veins. The ring-ring coupled doubled-veined leaf-shaped
LH structure can then be expressed by formula as follows:

C = B+ ≈ (4)

From the perspective of topology, there are no essen-
tial changes made to the structure when the veins are
extended sideways. So, the overall LH characteristics will
mostly remain the same. In terms of radiation characteris-
tics, the equivalent electrical length of the structure increases
because of the arc-vein extensions. Thus, the current path
increases. Since the topological transformation only occurs
in the veins, it has little effect on low-frequency properties,
but has a significant effect on high-frequency performance.
When the effective path of current is increased and new
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coupling is formed, the equivalent inductance and capaci-
tance of the structure are changed, causing the high-frequency
resonant point to increase. In terms of electromagnetic char-
acteristics, the number of DNG frequency bands has not
changed, and the new arc-veins form parallel coupling with
the margin, increasing the bandwidth of the high-frequency
DNG band.

The above analysis based on bionics, topology, and elec-
tromagnetism can be summarized as follows:

The short-range interactive combination of two identical
deformed leaf-shaped LH structure through coupling connec-
tions, including the unique parallel line-line coupling, sig-
nificantly changes the equivalent circuit. The resulting new
current paths that correspond to low frequency lead to the
formation of a new wide DNG band, achieving the purpose
of expanding the absolute bandwidth.

Sideways branching near the end of the small veins along
the margin can locally stretch the electromagnetic character-
istics (wider high-frequency DNG bandwidth, higher reso-
nance frequency) through the formation of parallel ring-ring
coupling between the arc-veins and the margin. We can guess
that as the arc-veins continue to extend along the margin,
or when more subordinate veins with coupling connections to
the margin are created through branching, the corresponding
high-frequency DNG band will move forward and expand.
Regarding the second proposition, the possible effects of
additional subordinate veins coupled with the margin is also
indicated by the higher position and wider bandwidth of high-
frequency DNG band of the initial leaf-shaped LH structure
(See Table 4.). It has multiple parallel veins with capacitor
connections to the margin, and the veins can be seen as small
branches arising from the midrib.

TABLE 4. Frequency characteristics of the three LH structures.

Moreover, the resonance frequency can be modified by
changing the geometric parameters of different parts of the
structure, which leads to changes in equivalent inductance
and capacitance. And the corresponding DNG band may
cover RF, millimeter wave, and even optical bands.

The design and modification process of the three
leaf-shaped LH meta-elements demonstrated that with the
help of bionics and topology, it is possible to obtain and tweak
desirable LH characteristics through qualitative analysis of
the structure, mitigating some of the complexities of circuit
theory and electromagnetic field theory.

IV. PRACTICAL APPLICATION FOR ANTENNAS
A. BASIC MICROSTRIP ANTENNA
A microstrip antenna fed by coaxial line (See Fig. 11)
working at 5G low frequency (3.40-3.60 GHz) is loaded on
FR-4 dielectric substrate with permittivity εr = 4.4, elec-
trical conductivity tangent loss tanδ = 0.02, and thickness
of 1.6 mm. The size of the substrate for microstrip antenna is
usually twice the size of the patch, so the width of the radi-
ation patch is about half of the substrate’s width, and adjust-
ments are also made to leave room for periodic loading of
LH structure unit cells. According to theoretical estimation,
the final geometric parameters determined by simulation are
shown in Table 5. The distance between the feeding position
and the y-axis is d0 = 3.3×k , and its distance from the x-axis
is d1 = 5.1×k . Through optimization, as shown in Fig. 13 (a),
when both frequency points have good resonance, the value
of k is 0.8.

FIGURE 11. The basic microstrip antenna. (a) Front side. (b) Back side.

TABLE 5. Geometric parameters of microstrip antenna (in units of mm).

The generation of dual frequency can be verified by the
electric field distribution of the microstrip antenna as shown
in Fig. 12. The electric field distribution is similar, but can
achieve dual frequency points in order to coincide with the
resonance frequency of the ring-ring coupled LH unit.

It is found through simulation that the size of the dielectric
substrate has very little effect on the resonance frequency
of the antenna (See Fig. 13(b)). As shown in Fig. 13(c),
we analyzed the influence of the length and width of the
radiation patch on the return loss of the antenna. WhenW1 is
increased, the frequency of the second resonant point barely
changes whereas its resonance intensity decreases. Mean-
while the first resonant point shifts towards low frequency
with increased resonance intensity. On the other hand, the
effect of L1 on the antenna is the opposite. The frequency
of the first resonant point is not changed by much with
the increase of L1, and its resonance intensity is increased.
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FIGURE 12. Distribution of microstrip antenna surface current at (a)
3.38GHz. (b) 5.41GHz.

Whereas the second resonant point shifts towards lower fre-
quency and has slightly less resonance intensity with the
increase of L1. The diagonal power feed generates two res-
onance frequency points. Changing L1 and W1 only affects
the corresponding frequency point.

B. AROUND MICROSTRIP ANTENNA
Due to the existence of surface waves, a basic microstrip
antenna usually has the following disadvantages: low work-
ing efficiency, reduced gain, and poor directivity. The mutual
interference between antenna elements can form parasitic
radiations. However, with LHM the direction of wave vec-
tor is opposite to the energy direction, which makes the
evanescent wave into an enhanced field. It can strengthen
the antenna’s signal radiation and reception, and improve
the antenna’s gain. In addition, the addition of LHM to the
substrate results in negative refraction of the surface wave at
the material’s boundary, forming a closed loop. Therefore,
the edge radiation of the antenna can be suppressed, the
interference between the antenna elements can be reduced,
and the directivity of the antenna can be improved.

In this paper, the single-sided ring-ring coupled double-
veined leaf-shaped LH structure is periodically arranged on
the substrate around the antenna patch (See Fig. 14). and are
expected to improve the performance of antenna [22]. Table 6.
lists the parameters of the LH unit cell array.

The boundary condition of a typical LH unit structure
simulation is equivalent to an infinite plane filled with

FIGURE 13. Influence of structural parameters on resonant frequency
points of the basic microstrip antenna (a) Feed position. (b) Length and
width of substrate. (c) Length and width of radiation patch.

uniformed array of the LH unit cells in the same direction.
When a limited number of LH unit cells are used in a loading
arrangement, each unit’s performance will deviate from that
of the isolated LH unit structure simulation.

Fig. 15 shows the electric field distribution of the periph-
eral array loading and the array rotation loading of LH unit
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TABLE 6. Parameters of the loading arrangement (in units of mm).

FIGURE 14. The structure of microstrip antenna with (a) Array loading,
(b) Array (rotation) loading.

cells. Compared with the basic microstrip antenna, the elec-
tric field is no longer only distributed at the two corners.

Fig. 16(a) and 16(b) shows that the lobe width is reduced
at 1st and 2nd resonant frequency points, indicating enhanced
directivity. Fig. 16(c) shows the S11 in three loading cases.
Loading the ring-ring coupled LH structure increases the
bandwidth of the microstrip antenna. When some of the
LH unit cells are rotated, the electric field increases at
the second frequency point (Fig 15(d)), and the gain here
decreases.

Although both loading methods improve the antenna per-
formance, array loading without rotation yields better results.
This is caused by the increased inconsistency between the
rotated LH unit cell arrangement and the boundary conditions
of the LH unit structure simulation.

In addition, we analyze the influence of the loading
position of the ring-ring coupled LH structures on the
S-parameters. Symbol x represents how much each of the
two columns of LH unit cells moves horizontally towards
the microstrip antenna, whereas n represents the vertical
distance between center points of adjacent LH structures
from different rows (x = 0, n = 13 mm is the original
arrangement from Fig. 14). It can be seen from Fig. 17(a)
that as the lateral distance between the columns of LH unit
cells and the microstrip antenna decreases, the resonance
strength of the low-frequency resonant point is increased, and
it’s position also slightly shifts to the left. But the adjust-
ments have little effect on the high-frequency resonant point.
It can be seen from Fig. 17(b) that as the vertical distance
decreases, the resonance strength of the low-frequency point
is enhanced. Considering the aberrations at high-frequency
resonant point shown in Fig. 17(b), n = 13 mm is
selected to achieve good performance at both frequency
points.

Finally, the physical prototype of microstrip antenna with
array loading is shown in Fig. 18(a) and 18(b). And the

FIGURE 15. The electric field distribution after loading the LH structure.
(a) With array loading at 3.38 GHz, (b) With array loading at 5.5 GHz.
(c) With array rotation loading at 3.38 GHz, (d) With array rotation loading
at 5.5 GHz.

simulation results are mostly in agreement with the measured
results (See Fig. 18(c)). The slight change of S11 is mainly
due to the deviation in the gap width when the antenna is
fabricated and the influence of environmental factors during
the measurement.
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FIGURE 16. Simulated radiation patterns in three loading cases.
(a) 3.38 GHz. (b) 5.5 GHz. (c) Simulated S11 and half-power beam
width (HPBW) at E-plane.

C. COVERED MICROSTRIP ANTENNA
LHM are known to have negative refraction proper-
ties [23], [24]. And using them as antenna cover layers can
cause the electromagnetic waves to converge, enhancing the
directivity of the antenna and increasing its gain. So, a double-
veined leaf-shaped LH structure array containing 3 × 3 unit
cells are used as overlay, which is placed on top of the
microstrip antenna with distance h (See Fig. 19(a)). The hor-
izontal spacing (between edges) of LH unit cells is changed
to 7.5 mm. Fig. 19(b) shows the simulated S-parameter S11
when h is set to λ/6, λ/4, λ/2, λ, 2λ (wavelength λ= 56 mm).

When h is smaller than λ, both resonance points slightly
shift to higher frequency, andwhen h is greater than λ, the two

FIGURE 17. The influence of LH unit cells’ position on S-parameter S11 in
terms of (a) Horizontal shift x . (b) Vertical spacing n.

points shift towards low frequency. When h is λ/4, the return
loss is the lowest. Compared with the microstrip antenna
without loaded LH unit cells in Fig. 16(c), the covered model
with h = 14 mm has significantly improved directivity and
greatly increased gain at both resonance frequencies (by
3.44 dB and 1.63 dB). The forward and backward radiation
are both enhanced after adding the cover layer. When h is λ/4,
the impedance matching of the antenna at the high-frequency
resonant point is the best. And when h is between λ/4 and
λ/2, a superposition of electromagnetic oscillations is formed,
resulting in the strongest resonance.

In addition, when cover layer is added, the H-plane pattern
resembles the shape of a one-sided figure-8, indicating that
energy is concentrated in the normal direction of the radiation
patch. Therefore, loading the cover layer can control the
radiant energy of the antenna to gather in the normal direction
and improve the normal gain. Fig. 20 shows the radiation pat-
tern when h takes different values. The unloaded microstrip
antenna has the smallest backward radiation. After loading
the array overlay, when h is smaller than λ, the backward
radiation is greater, indicating better directivity; when h is
bigger than λ, the side lobes of the antenna gradually increase,
reflecting omnidirectional properties. According to the above
analysis, it can be known that when the distance is between
λ/4 and λ, the performance of the antenna will be improved
to the greatest extent.

VOLUME 9, 2021 69825



B. You et al.: Double-Veined Leaf-Shaped Bionic Meta-Element and Array Loading Antennas for Radiation Beam Control

FIGURE 18. Prototype of the microstrip antenna (a) With array loading,
(b) Without loading. (c) Simulated and measured S11.

FIGURE 19. (a) 3× 3 array overlay. (b) Simulated S11 for different h.

D. TWO OVERLAYS COVERED MICROSTRIP ANTENNA
Next, the 3× 3 overlay is split into two overlays then stacked
on top of the microstrip antenna as seen in Fig. 21(a). In order

FIGURE 20. Simulated radiation pattern for h. (a) 3.43 GHz E-plane.
(b) 3.43 GHz H-plane. (c) 5.5 GHz E-plane. (d) 5.5 GHz H-plane.

to reduce the coupling effect between the LH unit cells,
the first layer is set as four LH unit cells and the second
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FIGURE 21. (a) The model of two overlays. (b) Simulated S11 with two
overlays. (c) The influence of different h on S11.

layer as five. The arrangement keeps the unit cells from
overlapping each other when seen from above. The spacing
between the two overlays is 14 mm, and the distance between
the bottom overlay and the microstrip antenna is h.
Fig. 21 (b) shows S11 with two overlays when h= 14 mm.

Compared with the microstrip antenna without loaded LHM,
the bandwidth of the two overlays loading is increased. This
is because the addition of the LHM cover layers improves the
impedance matching of the antenna. In addition, the direc-
tivity is significantly enhanced and the gain at the two res-
onant frequency points are 4.80 dB and 7.84 dB, which are
improved by 4.13 dB and 3.07 dB, respectively. Furthermore,
as shown in Fig. 21(c), while keeping the spacing between
the two overlays unchanged, the influence of different h on
S11 is analyzed. Between 14 mm and 28 mm (λ/4 - λ/2),
the superposition of electromagnetic oscillations reduces the

FIGURE 22. Simulated radiation patterns with two overlays when h =
14 mm and unloaded. (a) 3.43 GHz. (b) 5.5 GHz.

TABLE 7. Compared with previous research works.

value of S11 the most. Observing Fig. 22(a) and 21(b), the for-
ward radiation on the E-plane and H-plane are narrowed and
the lobe width is greatly reduced at both resonant frequency
points. This is vastly improved compared with unloaded
antenna in Fig. 16(c). Based on results shown in Fig. 20 and
Fig. 22, the two overlays loading also has a stronger electro-
magnetic wave focusing effect than loading the one 3 × 3
overlay.

As shown in Fig. 23, there is little difference in gain
and efficiency between array loaded, array rotation loaded,
and non-loaded antennas. When the LH structure is used as
overlay, the gain and efficiency are greatly improved. With
two overlays, the gains are 4.76 dB and 7.84 dB, whereas the
efficiencies are 63.4% and 83.4%, near 3.4 GHz and 5.5 GHz,
respectively. In summary, the efficiency and gain of several
proposed antennas are improved at 5.5 GHz. Compared with
these research work in table 7, a dual-frequency, high-gain,
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FIGURE 23. Comparison of gain/efficiency vs frequency of several
antennas. (a) Gain vs frequency. (b) Efficiency vs frequency.

high-efficiency and excellent directional microstrip antenna
is obtained by loading LH cover layers in this paper.

V. CONCLUSION
Employing bionics, topology, and electromagnetic theories,
we design and analyze leaf-shaped LH structures with inspi-
ration from reticulated venation of leaves. Topological trans-
formation is of great significance in guiding the design
and modification of the LH structures, making it possi-
ble to obtain desirable results without complicated analysis
based on circuit theory and electromagnetic field theory. The
initial leaf-shaped design is evolved into a line-line cou-
pled double-leaf LH structure through non-homeomorphic
deformation. And the influence of the short-range coupling
effects on the LH characteristics of the meta-element are
discussed. From the perspective of radiation mechanism,
the short-range interactive combination of two identical
deformed leaf-shaped LH structure through coupling con-
nections, including the unique parallel line-line coupling,
significantly changes the equivalent circuit. The resulting
new current paths that correspond to low frequency lead
to the formation of a new wide DNG band, achieving the
purpose of expanding the absolute bandwidth. Next, the line-
line coupled LH structure is further evolved, through mostly

homeomorphic deformation, into a ring-ring coupled double-
veined leaf-shaped LH structure.

Comparison between the three leaf-shaped LH structures
shows that vein-vein and vein-margin coupling, especially
the parallel line-line and parallel ring-ring types, respec-
tively, can locally stretch the electromagnetic properties,
expanding the correspondingDNGbandwidth. Then, through
the establishment of electromagnetic topology set, we clas-
sify the topological transformation and the corresponding
changes in electromagnetic characteristics. And the pro-
cess of topological transformation is expressed by formula
as semi-quantization. Finally, arrays of ring-ring coupled
double-veined leaf-shaped LH unit cells are loaded on the
microstrip antenna in different ways to improve the antenna’s
communication performance.
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