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ABSTRACT A novel method of enhancing radiation performance is demonstrated by applying a hybrid
reflector composed of inhomogeneous metamaterial elements to a four-arm log-periodic toothed antenna.
The operation of the antennas by various metamaterial cells is observed, and the causes of the radiation
performance deterioration and narrow bandwidth are investigated through the field distribution analysis.
The metamaterial cells are arranged in suitable positions under the antenna for good radiation performance
and wide bandwidth according to AMC and EBG characteristics. In the proposed hybrid reflector, surface
wave suppression characteristics are used for impedance stabilization by placing the I-shaped EBG cell under
the inactive region of the antenna. The performance of the fabricated antenna with dual linear polarization
capability is verified by measuring co- and cross-polarization radiation patterns. The newly proposed hybrid
reflector for the four-arm log-periodic toothed antenna represents an over 4 dBi realized gain within an
impedance ratio bandwidth of over 11.6:1.

INDEX TERMS Four-arm LP-toothed antenna, electronic support measures, wide gain bandwidth,
metamaterial, high impedance surface, artificial magnetic conductor, electromagnetic bandgap.

I. INTRODUCTION
The four-arm log-periodic (LP)-toothed antennas, one of the
frequency-independent (F.I.) antennas, are used in various
applications [1], [2], [3]. In particular, unlike spiral anten-
nas, they have dual-linear polarization capability, making
them compelling candidates for electronic support measures
(ESM) systems [4], [5]. According to [6], the ESM system’s
receiver antenna can obtain better performance with dual-
linear polarization than circular polarization capability. There
are various microstrip antennas (monopole, bowtie, and
tapered slot antenna etc.) that have UWB frequency response
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in a wide band with dual polarization capability, but it is
very difficult to have both high gain and a uniform radiation
pattern within a very high ratio bandwidth (10:1 or more).
Considering these points, the LP-toothed antenna is the most
useful candidate. In addition, unlike sinuous antennas that can
operate similarly, the planar LP-toothed antenna can be fed
through the integrated balun [3], [7]. This structure is very
simple to manufacture and does not increase the antenna’s
overall height.

The planar four-arm LP-toothed antenna has been studied
extensively, but most have been conducted only with a single
radiator generating a bidirectional radiation pattern. To be
applied to the ESM system, a unidirectional pattern and
a frequency response of high efficiency and high gain is
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required over a very wide frequency range covering the
electronic warfare (EW) band. In particular, the antenna gain
is a major determinant of the ESM system performance,
more important than reflection coefficient characteristics.
In addition, a wide gain bandwidth helps reduce the number
of antennas mounted in the system. These unidirectional
radiation patterns and gain enhancement have studied through
various reflector structures. The electric conductor reflector
is efficient in a narrow band but cause instability in
the frequency response of the reflection coefficient and
radiation performance in the wide band [8]. Therefore,
additional absorbing materials are usually used [10], [11].
However, using absorbers loses the radiation efficiency
near the low-frequency band of these antennas. These
problems can be solved by expanding the antenna profile,
but conceptually, the radiation efficiency cannot be more
than 50%.

Studies have used various metamaterial structures as a
reflector to overcome these shortcomings [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24]. In [12],
[13], and [14], vialess rectangular high-impedance surface
(HIS) cells are homogeneously placed under the outer edge
of the antenna to realize artificial magnetic conductor (AMC)
characteristics, thereby realizing a unidirectional pattern even
in a low-profile structure. However, improving radiation
performance is insufficient due to the narrow bandwidth of
the AMC characteristics. As a more improved method, there
is a structure that enhances the radiation performance in
a wider band through a multi-layered HIS reflector [15],
[16] or a multi-resonance HIS reflector [17], [18], [19],
[20]. However, these structures still have narrow impedance
bandwidth and non-uniform radiation performance. This is
due to frequency response fluctuation of impedance because
of its complex structure.

There have been studies on mushroom-liked cell reflectors
using electromagnetic bandgap (EBG) characteristics to
overcome these limitations [21], [22], [23], [24]. The EBG
reflector has a relatively stable frequency response of antenna
performance within the operating band. In addition, these
metamaterial reflectors have low-profile structures. However,
in antennas that use EBG characteristics, antenna radiation
performance deterioration is observed near the EBG band.
The impedance bandwidth is still narrow compared to
the absorber-filled cavity-backed structures, making them
unsuitable for ESM systems [25]. Like the various types
of reflectors mentioned above, high gain and wide gain
bandwidth cannot be achieved through these simple struc-
tures. Moreover, since most of the studies using various
metamaterial cells such as HIS and EBG together with
antennas lack accurate comparison of operating principles
and characteristics above the reflector, research on this is
necessary.

In this paper, various HIS and EBG cells were placed
under a planar LP-toothed antenna to observe the operation
and radiation performance of each antenna. The changes in
the field distribution should be analyzed in relation to the

FIGURE 1. The conventional planar LP-toothed antenna:
(a) configuration. (b) radiation patterns.

FIGURE 2. The configuration of the reflectors: (a) HIS (4-rings), (b) the
EBG surface (4-rings), (c) HIS (5-rings), (d) HIS (6-rings), (e)
inhomogeneous HIS (6-rings), and (f) the side view of the antenna.
Design parameters: Hair = 6.5, HHIS = 8.5mm.

frequency response of the antenna performance to address
the previously reported problems for the wideband antennas.
Through this, the metamaterial cells designed for the purpose
were arranged to the appropriate locations under the radiator
for improved gain bandwidth. The analysis results were
verified by the measured results of the fabricated antenna and
compared with similar studies.

II. DESIGN OF FOUR-ARM LP-TOOTHED ANTENNA WITH
METAMATERIAL REFLECTORS
The four-arm LP-toothed antenna’s configuration and radia-
tion patterns is shown in Fig. 1. The basic design starts with
the outermost teeth’s length and decreases logarithmically
as it goes inside by the scaling factor. The outermost teeth
correspond to a quarter of the cut-off frequency wavelength
[7]. The conventional antenna has a design parameter of
120 mm in diameter. In addition, a Taconic substrate
(εr= 2.2, tan δ = 0.0009, h = 0.254 mm) with low relative
permittivity is used to maintain stable antenna performance in
a relatively high-frequency band. The reflectors are designed
with a relatively high permittivity FR4 substrate (εr= 4.4,
δ = 0.019, h = 1.53 mm) to obtain a smaller size of the
metacells compared to the antenna teeth.
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FIGURE 3. (a) Frequency response of the reflection phase for designed
metamaterial cells. (b) dispersion diagram for the designed EBG cell.

A. DESIGN OF THE ANTENNA WITH METAMATERIAL
REFLECTORS
Fig. 2 shows the configurations of metamaterial reflectors
located 6 mm below the designed four-arm LP-toothed
antenna. The same patch cells within 150 mm diameter were
arranged 4–6 rings and designed for accurate comparison
according to the frequency band [Figs. 2. (a), (c), and (d)].
These homogeneous vialess HIS elements constitute the
reflector. Also, the mushroom-liked cell reflector is applied to
observe the antenna performance for the EBG characteristics
[Fig. 2(b)]. The cells designed this way were namedHIS1 and
EBG cells, respectively. In addition, considering the active
region of the LP antenna, an inhomogeneous HIS reflector
with different reflection phases according to each location
was designed [Fig. 2(e)]. The parameters of the designed
metamaterial elements are presented in Appendix Section.
As the distance between the cells increases, the reflection
phase of the designed elements shifts the AMC band to the
higher band [Fig. 3(a)]. The reflection phases of HIS1 and
EBG cells used in Figs. 2 (a) and (b), respectively, are almost
the same. The dispersion for the EBG cells shows that the
EBG occurs at 2.25–3.4 GHz [Fig. 3(b)]. The designed cell’s
EBG is similar to the band showing the AMC characteristics
(2.25–3.4 GHz).

The frequency response of the reflection coefficient for the
designed antennas is shown in Fig. 4. The performance of
the cavity filled only with the absorbing material (ECCSORB
LS–24) is also shown as a gray line for accurate comparison

FIGURE 4. The frequency response of the reflection coefficient for the
designed antennas (reference impedance 200 �).

with commonly used structures. In the frequency response
of the reflection coefficient, the HIS (4-ring), the EBG
surface, and the absorbing material were very stable and
showed similar results. However, as themetamaterial cell area
expanded inward, the frequency response fluctuations of the
impedance increased, adversely affecting the operation of the
antenna. The inhomogeneous HIS had the largest fluctuation
in the entire band, and expanding the area of the cells
in this way for bandwidth improvement may have caused
problems in the antenna performance. These fluctuations
occurred because the electric field was not only generated
in the outermost teeth of the antenna, which is an active
region in the low-frequency band, but also distributed near
the center of the antenna [26]. These low-frequency electric
fields experienced diffuse reflection as facing the cells with
different reflection phases.

The radiation performance for the designed antennas is
shown in Fig. 5. As opposed to the frequency response
of the reflection coefficient, the internally expanded HIS
reflectors had higher radiation efficiency over the entire band.
The realized gains of HIS (5-rings) and HIS (6-rings) were
reduced from 4 GHz or higher due to the reflection phase
mismatch. On the other hand, considering the active region,
the inhomogeneous HIS showed the widest gain bandwidth
and good radiation efficiency. In addition, it should be noted
that severe deterioration in the antenna gain and the radiation
efficiency occurred near the EBG of the antenna above
the EBG surface, as reported in [21]. This deterioration
causes performance problems in the low-frequency band and
causes bandwidth limitations. The observed results indicate
that the stable reflection coefficient and improved radiation
performance cannot be obtained simultaneously with only
one type of metamaterial cells and their uniformity change.

B. ANALYSIS THROUGH OBSERVATION OF THE
SIMULATED FREQUENCY RESPONSE AND
FIELD DISTRUBUTION
The schematic electric field distribution near the cut-off
frequency is shown in Fig. 6 (a) to determine the cause
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FIGURE 5. The frequency response of (a) the realized gain and (b) the
efficiency for the designed antennas.

FIGURE 6. (a) Schematic electric field distribution of the four-arm
LP-toothed antenna on the EBG surface. (b) Equivalent circuit model of
the AMC reflector.

of the antenna deterioration on the EBG surface observed
previously. This is a partial side section view to show the
electric field distribution between the radiating conductors
(teeth of LP-toothed antenna) on the EBG surface, and the
red dotted lines represent the electric field. The electric field
distributions are in opposite directions because of the out-
phased current distribution between odd or even elements
within the active region of the LP-toothed antenna [27]. Also,
the blue line at 6 mm above the LP-toothed antenna is a
probe for measuring this electric field distribution magnitude.
In addittion, an equivalent circuit model of the AMC reflector
is shown in Fig. 6 (b), and the surface impedance (Zs)
characteristics is calculated [28]. The AMC reflector consists
of a series of inductive (L1) and capacitive layers (C1).
Between the antenna and the AMC reflector is equalized
through inductance (L2). Hence, resonant frequency fr to

FIGURE 7. (a) The electric field distribution in the absolute value 6 mm
above the antenna at 2.25 GHz. Surface current distribution at 2.25 GHz:
(b) EBG surface and (c) HIS (4-rings).

generate constructive interference can be expressed as [29]

fr =
1

2π
√

(L1 + L2)C1
(1)

The radiation mechanism using a reflector includes three
processes: incident, reflected electromagnetic field, and
coupling process. The electric field distribution from this
probe above the designed antennas was observed at 2.25 GHz
[Fig. 7 (a)]. The magnitude of the field distribution above
the EBG surface was suppressed within the EBG region
compared to the other reflectors. This phenomenon was
caused by the surface wave suppression characteristics of
EBG cells. This electric field suppression allowed the antenna
to have a very stable reflection coefficient near the EBG band.
The surface current distribution can be observed more clearly
and differentiated according to the reflectors [Fig 7. (b)].
It was confirmed that the surface current is distributed
even to the center of the antenna in addition to the active
area, the most suppressed current distribution was confirmed
on the EBG surface. The suppressed distribution of these
currents does not contribute to an effective coupling process.
Comparing this result with the efficiency in Fig. 5, it is
confirmed that the suppressed electric field distribution at
the EBG surface caused the deterioration of the realized
gain and the radiation efficiency. HIS (4-rings) and the EBG
surface’s cells have almost the same reflection phase, but
the EBG surface located close to the radiator suppresses
even the electric field distribution near the active area due
to the surface wave suppression characteristics. Conversely,
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FIGURE 8. The configuration of the hybrid reflectors composed of
inhomogeneous metamaterial elements: (a) the additional EBG cell, (b)
the I-shaped cell, (c) the I-shaped cell & center HIS & annular ring, and (d)
the side view of the antenna.

the electric field distribution magnitude above the HIS
(4-ring), which was more amplified than the conditions
above the absorbing material indicates improved radiation
performance. Due to the current reflection of the AMC
reflector with zero phase shift, the field magnitude current
is reproduced and effectively participates in the coupling
process. This is confirmed by the better gain and radiation
efficiency above the reflectors than above the absorbing
material (Fig. 5). Therefore, the HIS cells were located
below the active region, which could be used to improve the
radiation performance.

III. DESIGN OF THE HYBRID REFLECTOR COMPOSED OF
INHOMOGENEOUS METAMATERIAL ELEMENTS
Fundamentally, the EBG characteristic is a band in which all
modes are not supported by consecutive cells. Conversely,
vialess HIS cells do not have these characteristics in the
desired band. This is the reasonwhy reflectors composed only
of vialess HIS cells in the previous section have high gain
properties but unstable impedance characteristics. Therefore,
in this section, surface wave suppression characteristics
are used for impedance stabilization by placing EBG cells
only in the inactive region of the radiator. Consisting of
inhomogeneous metamaterial elements, this hybrid reflector
differs from previous studies in that it uses HIS and EBG
cells together on a single PCB plane. As the first comparative
reflector, Fig. 8(a) shows a reflector in which the HIS6, used
in the inhomogeneous HIS [Fig. 2(e)], was replaced with the
mushroom-liked cell used in the EBG surface [Fig 2(b)].
Furthermore, in Section II, it was observed that the

HIS cells were more efficient in being located below the

active region suitable for each AMC band. Accordingly,
to improve the radiation performance, the I-shaped cells with
the EBG characteristic in the low-frequency band and the
AMC characteristic close to HIS6 were designed. For this
characteristics, the concept of a circular non-uniform planar
EBG cell was adopted. For this EBG cell mounted on a
dielectric with permittivity ϵr , the design equations are given
by [20], [30]

L = µ0h (2)

C =
ϵ0 (1 + ϵr )

π
cosh−1

(
w+ g
g

) [
ρ2 ln

(
ρ2

ρ1

)
− ρ2 + ρ1

]
(3)

f0 =
1

2π
√
LC

(4)

where ρ1 and ρ2 are the inner and outer radii of these EBG
cells, w is the patch width, and g is the spacing between cells.
Since the cell is designed as a planar structure, the height h
of the cell is fixed and the inductance L is also fixed. Based
on the design equation presented above, the I-shaped EBG
cell with AMC characteristics at higher frequency band with
low capacitance in the co-polarized direction (ϕ–direction) of
the LP-toothed antenna is proposed. The designed I-shaped
cell represents AMC characteristics in the ϕ-direction from
3.2–7 GHz [Fig. 9(a)]. In addition, the dispersion diagram
for this cell showed the EBG characteristic occurrence at
2.25–2.7 GHz, similar to the AMC band (2.25–3.45 GHz)
of the designed mushroom-liked EBG cell. As the second
comparative, the additional EBG cells were replaced with the
designed I-shaped cells, as shown in Fig. 8(b).

In addition, in order to improve the radiation performance
in the high frequency band, a structure in which HIS cells
are further expanded to the inside is proposed [Figs. 8
(c), (d)]. However, in order to implement a planar reflector
suitable for a planar radiator, it has a relatively high height
(8.5 mm) because it must be designed based on the low
frequency band (near 2 GHz) of the outermost cell. Such a
relatively high cell height has limitations in showing AMC in
a high frequency band no matter how much the cell size is
reduced [20]. To solve this problem, the height of the center
HIS cells was reduced to 1.53 mm. The band showing the
AMC characteristics of the designed center-HIS appeared in
the 10.2–13.5 GHz range [Fig. 9(a)]. However, this height-
changed structure can have side effects, such as unwanted
EBG generation or coupling between the via of the I-shaped
cell and the ground of the center-HIS cell. In addition, in the
7–10.2 GHz band, which is not covered by the AMC band
of each cell, the reflection phase is 120 degrees on average,
making it difficult to generate constructive interference (to
increase the gain). Adjacent cells (I-shaped EBG and center
HIS) having such a large difference in reflection phase
cause electromagnetic field cancellation. These problems
are solved by placing a ring absorber between adjacent
cells (which corresponds to the theoretical active region in
the 7–10.2 GHz band). In addition, an annular ring was
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FIGURE 9. (a) The frequency response of the reflection phase for
designed I-shaped and center-HIS cells. (b) The dispersion diagram for
the designed I-shaped cell.

FIGURE 10. The frequency response of the reflection coefficient for the
hybrid reflector antennas. (reference impedance 200 �).

mounted on the outermost part of the antenna to stabilize the
impedance of the low-frequency band [3].
The frequency response of the reflection coefficient for

the designed hybrid reflectors is shown in Fig. 10. The
additional EBG and I-shaped cells had relatively stable
reflection coefficients in the entire band. Both antennas
showed reflection coefficients of less than −7.5 dB at 1.8–
18 GHz and 2.2–18 GHz, respectively, with a reference

FIGURE 11. (a) The frequency response of (a) the realized gain and (b)
the efficiency for the hybrid reflector antennas.

FIGURE 12. (a) the electric field distribution in the absolute value 6 mm
above the antenna at 2.25 GHz. Surface current distribution at 2.25 GHz:
(b) inhomogeneous HIS, (c) additional EBG, and (d) I-shaped EBG.

impedance of 200 �. At this particular location, the EBG
cells suppressed the diffuse reflection in the low-frequency
band and helped stabilize the input impedance. In particular,
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FIGURE 13. Photograph of the fabricated antenna.

the reflector with an I-shaped cell, center HIS, and annular
ring showed a reflection coefficient of less than−7.5 dB from
1.5 to 18 GHz. To determine the feasibility of the proposed
antenna structure, the reflection coefficient and inter-port
isolation characteristics including balun (50–200 �) are also
presented. The reflection coefficient of the proposed antenna
is less than –7.5 dB, and the inter-port isolation is less than
–14 dB in all bands. The realized gain of the additional EBG
cell was relatively high in the low-frequency band. However,
the expected deterioration occurred due to a phase mismatch
near 4.5 GHz [Fig 11(a)]. On the other hand, the reflectors
with center HIS showed the realized gain of more than 5 dBi
at a ratio bandwidth of 12:1. Similarly, the radiation and
total efficiency of the additional EBG cell had a relatively
large fluctuation, while the I-shaped cell and center HIS
represented more than 54% in the entire band. In particular,
a very high radiation efficiency of about 80% or more was
observed from 7 GHz and above. These results address
the problem of low radiation efficiency in conventional
cavities filled only with absorbing materials. The impedance
matching of the antennas observed in Section II (4-rings
HIS, EBG surface, and 5-rings HIS) is better than that of
the proposed antenna. Nevertheless, in the operating band
observed in this study (1–18 GHz), the proposed antenna has
higher gain, efficiency, and wider gain bandwidth. Therefore,
the proposed antenna is more efficient for ESM systems.

Simulations were performed to determine the electric
field distribution to verify the method of locating the EBG
cell under the inactive region. The absolute electric field
distribution value at 6 mm above the designed antennas
is observed at 2.25 GHz, including the EBG band of the
designed cells [Fig. 12 (a)]. The field distributions of HIS
(6-rings) and inhomogeneous HIS reflectors are relatively
large in all areas. As observed in the previous section, the
frequency response of the input impedance of these reflectors
is very unstable. These large periodic antennas are required
that the coupling process become effectively only above the
active region. The shaded region (where HIS6 is located)
of the inhomogeneous HIS reflector with the most unstable
input impedance represents a relatively high magnitude of
electric field distribution, which causes diffuse reflection.
Conversely, the electric field distribution of the additional

FIGURE 14. The simulated and measured scattering marameters for the
proposed antenna. Reflection coefficient: (a) port-1 and (b) port-2.
(c) transmission coefficient.

EBG cell and the I-shaped cell reflectors was lowered in
the shaded EBG region (inactive region), and surface wave
suppression was observed. The diffuse reflection reduced by
the suppressed surface wave made the antenna have relatively
good reflection coefficient characteristics. In addition, in the
case of the inhomogeneous HIS reflector, the surface current
distribution represents strongly up to the center of the antenna
due to the internally expanded cells, which causes impedance
fluctuations [Fig. 12. (b)]. However, when the EBG cells are
located inside the inactive area [Figs. 12. (c) and (d)], the
inner surface current distribution becomes smaller and the
impedance is stabilized. In addition, the proposed I-shaped
EBG reflector maintains high gain with stronger coupling
process than the 4-rings HIS reflector in the active area.
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TABLE 1. Comparison with similar works.

FIGURE 15. Simulated and measured radiation patterns for the proposed
antenna at (a) 1.5 GHz, (b) 3 GHz, (c) 6 GHz, and (d) 18 GHz.

IV. SIMULATED AND MEASUREMENT RESULTS
An LP-toothed antenna designed to experimentally verify the
improved radiation performancewas fabricated (Fig. 13). The
two-port integrated balun was used for the feeding structure
for measurement [3], [7]. This integrated balun was designed
and fabricated with an impedance transition of 50–200 �.
The line width of the integrated balun at the center of the
antenna is 0.04mm, and the diameter of the via for connection
is 0.4 mm. The reflection coefficient measurement result
appears in the 1.55–18 GHz band range based on −7.5 dB
(Fig. 14). The transmission coefficient is −13 dB or less in

FIGURE 16. Simulated and measured realized gains in the broadside
direction for the proposed antenna.

all bands. The total diameter of the antenna was 150 mm,
and the electrical length based on the measured results was
0.78 λL at 1.55 GHz. The total height of the antenna is
15 mm, and the electrical length is 0.078 λL. The radiation
patterns were measured at 1.5, 3, 6, and 18 GHz (Fig. 15).
The realized gain in the broadside direction based on the
simulated and measured results is shown in Fig. 16. The
proposed antenna operates over 4 dBi in the entire band with
dual linear polarization. The measured results achieved a gain
ratio bandwidth (>2.5 dBi) of 11.6:1 and cross-polarization
isolation of less than −13 dB in the frequency range above
1.55 GHz, which was very similar to the simulation results.

Table 1 summarizes the antenna performances of similar
works. To date, only there has been a two-arm spiral
type of frequency-independent antenna in which a known
metamaterial-added reflector is used. Although the diameter
of the four-arm LP-toothed antenna is more than twice that of
the spiral antenna at the same cut-off frequency, the proposed
antenna has an electrical length similar to or smaller than
other references. The impedance bandwidthwas compared on
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TABLE 2. Design parameters of the homogeneous reflector.

TABLE 3. Design parameters of the inhomogeneous reflector.

TABLE 4. Design parameters of the hybrid reflectors.

the boundary of −7.5 dB or less of the reflection coefficient.
In addition, the proposed antenna has a relatively wide
impedance ratio bandwidth, and the gain ratio bandwidth
is approximately three times larger. This ratio bandwidth
difference means that the proposed antenna is advantageous
in improving the performance of the ESM system over other
antennas.

V. CONCLUSION
In this study, we proposed a hybrid reflector composed of
inhomogeneous metamaterial elements applied to the four-
arm LP-toothed antenna with a wide bandwidth. Various
metacells were arranged in suitable positions under the
antenna according to AMC and EBG characteristics to
maintain good radiation performance. The antenna radiation
deterioration was identified and resolved through the field
distribution change analysis. The newly proposed hybrid
reflector for the four-arm LP toothed antenna represented
a realized gain of over 4 dBi within an impedance ratio
bandwidth of over 11.6:1. This design was also experimen-
tally verified with dual linear polarization capability, and the
proposed antenna will be a good candidate for ESM systems.

APPENDIX DETAILED DESIGN OF THE
METAMATERIAL CELLS
The metamaterial cells used in this study are basically
designed in a fan-shaped structure with a maximum diameter

of 150 mm. In the HIS (4, 5, 6-rings) and EBG cell reflectors
used in Section II, the same patch cells are arranged in 4–6
rings [Figs. 2. (a), (b), (c), and (d)]. The outermost fan-shaped
array is named the first ring. The design parameters of the
cells belonging to each ring are presented in Fig. 2. (e) and
their values are presented in Table 2. In the inhomogeneous
HIS reflector in Section II, 6 types of different patch cells are
arranged in 6-rings. Likewise, the design parameters of the
cells belonging to each ring are presented in Table 3. The
hybrid reflectors used in Section III are the same as the
inhomogeneous HIS reflector up to the 5th ring, but are
different from the 6th ring (Fig. 8). The design parameters for
the additional EBG cell, I-shaped cell, and center HIS cells
used are presented in Table 4.
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