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PAPER
A Study on Gain Enhanced Leaf-Shaped Bow-Tie Slot Array
Antenna within Quasi-Millimeter Wave Band

Mangseang HOR†a), Student Member, Takashi HIKAGE†, and Manabu YAMAMOTO†, Members

SUMMARY In this paper, a linear array of 4 leaf-shaped bowtie slot
antennas is proposed for use in quasi-millimeter wave band. The slot anten-
nas array is designed to operate at 28GHz frequency band. The leaf-shaped
bowtie slot antenna is a type of self-complementary antennawith low profile
and low cost of fabrication. The proposed antenna structure offers improve-
ment in radiation pattern, gain, and−10 dB impedance bandwidth. Through
out of this paper radiation pattern, actual gain, and−10 dB impedance band-
width are evaluated by Finite Different Time Domain (FDTD) simulation.
Antenna characteristics are analyzed in the frequency range of 27GHz to
29GHz. To improve antenna characteristics such as actual gain and −10 dB
impedance bandwidth, a dielectric superstrate layer with relative permit-
tivity of 10.2 is placed on top of ground plane of the slot antennas array.
Three antenna structures are introduced and compared. With two layers of
dielectric superstrate on top of the antennas ground plane, analysis results
show that −10 dB impedance bandwidth occupies the frequency range of
27.17GHz to 28.39GHz. Therefore, the operational impedance bandwidth
is 1.22GHz. Maximum actual gain of the slot antennas array with two di-
electric superstrate layers is 20.49 dBi and −3 dB gain bandwidth occupies
the frequency range of 27.02GHz to 28.57GHz. To validate the analysis
results, prototype of the designed slot antennas array is fabricated. Char-
acteristics of the slot antennas array are measured and compared with the
analysis results.
key words: leaf-shaped bowtie slot antenna, slot antennas array, FDTD,
quasi-millimeter wave band

1. Introduction

The use of mobile data for smartphone application and mo-
bile pocket Wi-Fi has rapidly increased during last decade.
User has demanded more high-speed data rate for daily life
such as video streaming, gaming, and video conferencing
[1]. The use of mobile data is projected to significantly
grow by 2030 [2], [3]. To comply with this unprecedented
growth, millimeter wave frequency spectrum has been pro-
posed and explored for potential application in the future
[4]. In millimeter-wave frequency band, 28GHz frequency
band is more favorable than other proposed frequency bands.
However, millimeter wave frequency spectrum is prone to
atmosphere attenuation due to the short wavelength. There-
fore, antenna, which is suitable for millimeter wave fre-
quency, should have high gain to compensate free-space
loss [3]. In addition, the antenna should also have a broad
bandwidth to have high bit rate transfer. 2×2 square dense
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dielectric patch has been proposed for 28GHz frequency
band [5]. To enhance gain and improve bandwidth, a holey
dielectric superstrate has been used in [5]. As the results,
impedance bandwidth of the antenna structure in [5] occu-
pies the range of 26.5GHz to 30.8GHz and has maximum
gain of about 16 dBi [5]. Nevertheless, multilayer dielec-
tric substrate has been used to fabricate antenna prototype
in [5] and those square patch antennas are made of dense
dielectric with high relative permittivity. Thus, the antenna
prototype in [5] cannot be fabricated by using conventional
methods such as etching and engraving. A high gain and low
profile antenna structure has been proposed in [6]. Maxi-
mum gain and −10 dB impedance bandwidth of the antenna
in [6] are 16 dBi and 4.6% of 28GHz band, respectively.
However, the antenna structure in [6] is fabricated from sub-
strate integrated waveguide which cannot be fabricated by
using conventional method. Leaf-shaped bowtie antenna
is a type of self-complementary printed antenna with low
profile and low cost of fabrication. A double sided of leaf-
shaped bowtie antenna has been proposed in [7]. Authors
in [7] have proposed double sided leaf-shaped bowtie an-
tenna for use in ultra-wideband communication systems in
frequency range of 3.0GHz to 10.5GHz. Broadside actual
gain of the antenna in [7] is from 6.0 dBi to 9.0 dBi. An
array of two leaf-shaped bowtie antennas has been proposed
in [8]. The antenna structure in [8] has been proposed for
use in ultra-wideband communication systems the same as
the antenna in [7]. Broadside actual gain of the antenna in
[8] is from 5.2 dBi to 8.2 dBi and within frequency range of
4.2GHz to 10.2GHz. A linear array of 4 leaf-shaped bowtie
slot antennas has been proposed in [9] for use in ultraw-
ide band communication system. Authors in [9] have used
two layers of dielectric superstrate to improve actual gain
and reflection coefficient of antenna structure. The analysis
results showed that −10 dB impedance bandwidth occupies
the range of 7.8GHz to 8.9GHz and 9.5GHz to 9.6GHz.
The maximum actual gain in broadside direction is 19.5 dBi
at 8.2GHz and 19.7 dBi at 9.6GHz. In this paper, a linear
array of 4 leaf-shaped bowtie slot antennas is designed and
proposed for use in 28GHz frequency band. Motivation for
introducing the slot antennas array are high gain, low profile,
and broad impedance bandwidth. In addition, each antenna
element can be fed by normal microstrip feedline. Therefore,
the antenna structure can be fabricated by using conventional
method such as etching and engraving. In previous research
[10], planar partially reflecting surface (PRS) has been used
to enhance broadside directivity of waveguide aperture an-
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tenna. The concept of multiple reflection between PRS and
antenna ground plane has also been introduced in [11]–[13]
for gain enhancement. Multiple reflection of electromag-
netic wave between PRS and ground plane is in the form
of 1-D cavity structure which is also called cavity resonator
antenna (CRA). In [14], gain of microstrip antenna has been
increased by 2.5 dB after a holey superstrate has been used.
In [15], dielectric superstrate has been used to enhance gain
and bandwidth of planar antenna instead of PRS. To ob-
tain optimum gain and bandwidth of the planar antenna in
[15], distance between dielectric superstrate and the antenna
ground plane must be optimized. In this paper, two layers of
dielectric superstrate are used to enhance gain and −10 dB
impedance bandwidth of linear array of 4 leaf-shaped bowtie
slot antennas. In addition to [16] and [9], where leaf-shaped
bowtie slot antenna has been proposed for use in ultrawide
band communication systems, linear array of 4 leaf-shaped
bowtie slot antennas with two layers of dielectric superstrate
is introduced for use in quasi-millimeter wave frequency
band, in this paper.

The remaining sections of this paper are organized as
following. In Sect. 2, structural parameters of the single
slot antenna and linear array of slot antennas are presented.
In Sect. 3, gain enhancement of the designed slot antennas
array is investigated based on the simulated results obtained
by FDTD simulation in commercial software (Sim4Life). In
Sect. 4, comparison between simulated and measured results
is drawn. In Sect. 5, conclusion of this paper is drawn.

2. Design of Leaf-Shaped Bowtie Slot Antennas Array

The principal concept of self-complementary antenna is a
natural broad-band antenna with a constant input impedance
versus frequency and geometry. From [17], [18], self-
complementary antenna has been introduced as an infinite
shape, which is difficult to use in real application. Therefore
the infinite shape in [17], [18] must be truncated in order to
use in real application. Leaf-shaped bowtie antenna, which
is proposed by the authors in [7], has been evolved from
infinite shape of self-complementary antenna. From [7],
Leaf-shaped bowtie slot antenna has been proposed in [16].
In this section, leaf-shaped bowtie slot antenna is employed
as radiating element in a linear array for use in 28GHz fre-
quency band.

2.1 Design of Leaf-Shaped Bowtie Slot Antenna

Figure 1 shows structure of single leaf-shaped bowtie slot
antenna in detail. To create a leaf-shaped slot, a square
slot is cut on ground plane of a dielectric substrate with
the relative permittivity of εr = 2.17 and thickness of h.
The square slot is rounded by curve line at two corners (90◦
angle). The side length of square slot is Le and the radius
of the curve line is Rs . The length Le can be calculated by
using the formula from [7] as following:

Le =
λ0

4√εre
; εre =

εr + 1
2

(1)

Fig. 1 Structure of leaf-shaped bowtie slot antenna.

Table 1 Structural parameters of leaf-shaped bowtie slot antenna (All
dimensions are indicated in mm).

Le Rs Ls Ws Fa Fb h

2.8 1.7 20 10 0.6 0.6 0.38

In the above formula (1), λ0 is free-space wavelength at
the lower limit frequency of the operating frequency band.
Table 1 shows the structural parameters of the single leaf-
shaped bowtie slot antenna.

Thematerial, which is used as substrate, has the relative
permittivity of εr = 2.17, thickness of h = 0.38mm and
dissipation factor tan δ = 0.00085 [19]. The side length
Le is set to 2.8mm so that the lower limit frequency is
about 21GHz, and the curvature radius Rs is chosen to be
0.6Le = 1.7mm [16].

The impedance of leaf-shaped bowtie slot antenna with
the structural parameters listed in the Table 1 are analyzed
by Finite-Difference Time-Domain (FDTD) method using
commercial simulation software Sim4Life [20]. In the sim-
ulation, ideal delta gap voltage source is used as an excitation
source as shown in Fig. 1. Gaussian pulse is used to analyze
antenna characteristics over broad bandwidth. In the FDTD
simulation, grid size of the single slot antenna is set as fol-
lowing, ∆x = 0.05mm, ∆y = 0.05mm and ∆z = 0.02mm.
10 layers of UPML (Uniaxial Perfectly Matched Layer) is
employed as boundary condition. Characteristics of the sin-
gle antenna element are analyzed over frequency range of
27GHz to 29GHz.

Figure 2 shows the frequency characteristics of reflec-
tion coefficient magnitude |S11 | and actual gain of single slot
antenna. In the figure, |S11 | is calculated with the reference
impedance of 110Ω. From the figure, it can be seen that
−10 dB impedance bandwidth occupies the range of 27GHz
to 29GHz. Actual gain of single slot antenna in the broad-
side radiation is 7 dBi within 27GHz and 29GHz. Fig. 3 and
Fig. 4 show the analysis radiation pattern along E-plane and
H-plane of single slot antenna which are evaluated at fre-
quencies of 27GHz, 28GHz, and 29GHz. The maximum
gain and value of Half-power beamwidth (HPBW) are shown
in the caption of Fig. 3 and Fig. 4.
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Fig. 2 Characteristics of single leaf-shaped bowtie slot antenna.

Fig. 3 E-plane pattern of single leaf-shaped bowtie slot antenna.

Fig. 4 H-plane pattern of single leaf-shaped bowtie slot antenna.

2.2 Design of Slot Antennas Array with Feedline

By using the leaf-shaped bowtie slot antenna described in
Sect. 2.1 as radiating elements of the slot antennas array,
a linear array of 4 leaf-shaped bowtie slot antennas is de-
signed for the investigation of gain enhancement with the use
of high-permittivity superstrates which will be discussed in
Sect. 3. Figure 5 shows the completed structure of the slot
antennas array with microstrip feedline. Structural parame-
ters of the designed slot antennas array are shown in Table 2.
Conventional microstrip feedline has been used to connect
each antenna element to input port with the characteristic
impedance of 50Ω [21]. As shown in Fig. 5, Each end of
the microstrip line is connected by conducting probe to the
ground plane vicinity of each slot [16]. Each conducting
probe has radius Rprobe. Figure 6 shows structure of con-
ducting probe in detail. Each microstrip line are jointed in
pairs by using T-junction. From the T-junction, microstrip
tapered line are used for impedancematching and impedance
transforming. Finally, each end of the tapered line is con-
nected to 50Ω input port through T-junction.

Fig. 5 An array of 4 leaf-shaped bowtie slot antennas.

Table 2 Structural parameters of 4 leaf-shaped bowtie slot antennas array
(All dimensions are indicated in mm).

Ws Ls La Lb Lg Ld Lt ds
58 34 6.6 2.8 7.5 3.9 5.5 8.4
L f Wa Wb Wt Win Rprobe Lc h

3.6 1 0.3 0.8 0.2 0.5 8.3 0.38

Fig. 6 Structure of conducting probe in connection between feedline and
ground plane vicinity of each slot.

Fig. 7 Side view of an array of 4 leaf-shaped bowtie slot antennas.

2.3 Characteristics of Leaf-Shaped Bowtie Slot Antennas
Array without and with Reflector

Leaf-shaped bowtie slot antenna has bidirectional radia-
tion pattern. Thus, a flat reflector is placed under the an-
tenna substrate as shown in Fig. 7 to make the radiation
pattern unidirectional. In the following consideration, the
distance between the antenna substrate and the reflector is
set to Sr = 2.5mm which is about a quarter of free space
wavelength at 28GHz band. In the FDTD simulation, grid
size of slot antennas array structure is set as following,
∆x = 0.05mm,∆y = 0.05mmand∆z = 0.02mm. 10 layers
of UPML (Uniaxial Perfectly Matched Layer) is employed
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Fig. 8 |S11 | comparison between slot antennas array with reflector and
without reflector.

Fig. 9 Actual gain comparison between slot antennas array with reflector
and without reflector.

as boundary condition. The antenna characteristics are an-
alyzed in the frequency range of 27GHz to 29GHz with
sampling frequency of 0.05GHz. From Fig. 5 leaf-shaped
bowtie slot antennas are connected to microstrip feedline
to form up an array configuration. Therefore, impedance
bandwidth is not as broad as those in Fig. 2 because mi-
crostrip feedline is frequency dependence. In addition, as
element spacing is changed, feedline is also changed. Thus,
antenna element spacing ds is chosen to have an optimum
−10 dB impedance bandwidth and actual gain. The analysis
results in Fig. 8 show that −10 dB impedance bandwidth of
the slot antennas array in Fig. 5 occupies frequency range of
27.7GHz to 28.36GHz which is about 660MHz. However,
the −10 dB impedance bandwidth is decreasing after a flat
reflector is employed. The −10 dB impedance bandwidth of
the slot antennas array with reflector occupies the frequency
range of 27.8GHz to 28.29GHz which is about 490MHz.
Therefore, −10 dB impedance bandwidth decreases around
170MHz.

From analysis results in Fig. 9, the slot antennas ar-
ray without reflector has maximum actual gain of 11.55 dBi
and −3 dB gain bandwidth occupies the range of 27GHz
to 29GHz. In addition, the slot antennas array with re-
flector has maximum actual gain of 13.17 dBi and −3 dB
gain bandwidth occupies the range of 27.17GHz to 29GHz.
Therefore, maximumactual gain of the slot antennas array in-
creases around 1.62 dBi after the reflector is used. However,
−3 dBgain bandwidth decreases around 170MHz. Figure 10
and Fig. 11 show numerical results of radiation pattern along

Fig. 10 E-plane pattern comparison between antenna array with reflector
and without reflector.

Fig. 11 H-plane pattern comparison between antenna array with reflector
and without reflector.

E-plane and H-plane. The numerical results of radiation
pattern are evaluated at frequencies of 27GHz, 28GHz and
29GHz. Without reflector, the slot antennas array has bidi-
rectional radiation pattern. Half-power beamwidth (HPBW)
along E-plane is 18◦ at 27GHz and 14◦ at 28GHz and
29GHz. HPBW along H-plane is 63◦ at 27GHz and 59◦
at 28GHz and 29GHz. Sidelobe level is −10 dB at 27GHz
and −8 dB at 28GHz and 29GHz along E-plane. From
Fig. 10 and Fig. 11, unidirectional radiation pattern is ob-
tained, after a reflector is used. HPBW of the slot antennas
array with reflector is 15◦ at 27GHz, 13◦ at 28GHz and 13◦
at 29GHz along E-plane. HPBW of the slot antennas array
with reflector is 59◦ at 27GHz, 61◦ at 28GHz, and 59◦ at
29GHz along H-plane. Sidelobe level is −10 dB at 27GHz,
−8 dB at 28GHz and −7 dB at 29GHz along E-plane.

3. Gain Enhancement of Leaf-Shaped Bowtie Slot An-
tennas Array Using High Permittivity Superstrates

3.1 Antennas Array with one Layer of Dielectric Super-
strate

From Fig. 8, −10 dB impedance bandwidth is degraded after
the flat reflector is placed under the slot antennas array sub-
strate to make radiation pattern unidirectional. From [15],
dielectric superstrate with high permittivity can be used to
enhance gain and bandwidth of planar antenna.

In this paper, dielectric superstrate is introduced to en-
hance gain and bandwidth of linear array of 4 leaf-shaped
bowtie slot antennas. In the following simulation, the ma-
terial, which is assumed to be employed as dielectric su-
perstrates, is ROGERS RT/duroidTM 6010LM microwave
laminate with a relative permittivity of εrs = 10.2 and a
dissipation factor of tan δ = 0.0023 [22]. The effectiveness
of using dielectric superstrate layer is significantly depend-
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Fig. 12 Side view of antenna structure with one layer of superstrate.

Fig. 13 |S11 | comparison by changing distance SL1.

Table 3 Effect of distance SL1 on −10 dB bandwidth and maximum
actual gain.

SL1 (mm) −10 dB bandwidth Maximum gain
SL1 = 5.6 0.66GHz (27.31–27.97GHz) 18.94 dBi
SL1 = 5.7 1.16GHz (27.22–28.38GHz) 19.2 dBi
SL1 = 5.75 1.25GHz (28.44–27.19GHz) 19.14 dBi
SL1 = 5.8 1.2GHz (28.44–27.24GHz) 18.96 dBi
SL1 = 5.9 0.68GHz (28.44–27.76GHz) 18.39 dBi

ing on distance (SL1) between ground plane and dielectric
superstrate layer itself [13]–[15].

Therefore, distance SL1 is precisely studied to obtain
maximumperformance of−10 dB impedance bandwidth and
gain of the slot antennas array. Figure 12 shows side view of
the antenna structure with one layer of dielectric superstrate
on top of the leaf-shaped bowtie slot antennas array designed
in the Sect. 2.2. In the following FDTD simulation, setting
of grid size of slot antennas array structure is the same as in
previous case. However, grid size of dielectric superstrate
layer is set as following, ∆x = 0.05mm, ∆y = 0.05mm
and ∆z = 0.05mm. Characteristics of the slot antennas
array with reflector and one layer of dielectric superstrate
are analyzed within the same frequency range and frequency
sampling as in Sect. 2.3.

Figure 13 shows the comparison of the frequency re-
sponse of |S11 | by changing distance SL1. From the compar-
ison, the maximum −10 dB impedance bandwidth, which is
about 1.25GHz, is obtained when distance SL1 is equal to
5.75mm. Fig. 14 shows variation of actual gain by changing
the distance SL1. Themaximumactual gain is obtained at two
values of distance SL1 (SL1 = 5.7mm, and SL1 = 5.75mm).
From both results of −10 dB impedance bandwidth and ac-
tual gain, the optimum location of superstrate layer is at
SL1 = 5.75mm. Effect of the distance SL1 on −10 dB band-
width and maximum actual gain is summarized in Table 3.

Figure 15 and Fig. 16 show |S11 | and actual gain com-

Fig. 14 Actual gains comparison by changing distance SL1.

Fig. 15 |S11 | comparison after one layer of superstrate is used.

Fig. 16 Actual gain comparison after one layer of superstrate is used.

parison after one layer of dielectric superstrate is placed
above the designed slot antennas array which is illustrated in
Fig. 12. From Fig. 15, it can be seen that −10 dB impedance
bandwidth of the slot antennas array with one layer of dielec-
tric superstrate occupies the frequency range of 27.19GHz
to 28.44GHz, which is about 1.25GHz bandwidth. Compar-
ing to the slot antennas array without dielectric superstrate,
−10 dB impedance bandwidth increases around 780MHz
after one layer of dielectric superstrate is used.

From Fig. 16, it can be observed that maximum actual
gain in broadside is about 19.14 dBi and −3 dB gain band-
width occupies the frequency range of 27GHz to 28.77GHz
which is about 1.77GHz gain bandwidth. Comparing to
the case without dielectric superstrate, maximum actual gain
has been enhanced around 6 dBi after one layer of dielectric
superstrate is used.

Figure 17 and Fig. 18 show the radiation pattern com-
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Fig. 17 E-plane pattern comparison after one layer of superstrate is used.

Fig. 18 H-plane pattern comparison after one layer of superstrate is used.

parison of the slot antennas array with one dielectric super-
strate layer above the designed slot antennas array as illus-
trated in Fig. 12. These results are evaluated at frequencies
of 27GHz, 28GHz and 29GHz. E-plane and H-plane pat-
terns are shown in Fig. 17 and Fig. 18, respectively. From the
figures, it can be confirmed that radiation pattern has been
improved after one layer of dielectric superstrate is used.
Along E-Plane, sidelobe level is around −20 dB at 27GHz
and 28GHz and around −10 dB at 29GHz below the main
lobe. HPBW along E-plane is 14◦ at 27GHz, 13◦ at 28GHz
and 13◦ at 29GHz. HPBW along H-Plane decreases to 27◦
at 27GHz, 24◦ at 28GHz and to 51◦ at 29GHz.

After one layer of dielectric superstrate is used, side-
lobe level and HPBW are getting smaller, and gain tends to
be higher at lower frequency. At higher frequency, sidelobe
level and HPBW are getting higher, and gain tends to be
lower. From [5], maximum gain of the proposed antenna
is 16 dBi and impedance bandwidth is from 26.5GHz to
30.8GHz which is about 4.3GHz bandwidth. However, the
proposed 4 leaf-shaped bowtie slot antennas array has max-
imum gain of 19.14 dBi which is 3.14 dBi higher. −10 dB
impedance bandwidth of the 4 leaf-shaped bowtie slot anten-
nas array is 1.25GHz bandwidth which is 3.05GHz smaller
than that of antenna structure in [5]. On the other hand, the
process to fabricate antenna prototype in [5] is more complex
and higher cost than the process to fabricate 4 leaf-shaped
bowtie slot antennas array.

3.2 Antennas Array with 2 Layers of Dielectric Superstrate

To further study the effect of resonant cavity structure, which
is created by dielectric superstrate, another dielectric super-
strate layer is added on top of the first layer to form up
the second resonant cavity structure. Figure 19 shows the
side view of antenna structure with 2 resonant cavities. The
thickness and material of the second dielectric superstrate

Fig. 19 Side view of antenna structure with two dielectric superstrate
layers.

Fig. 20 |S11 | comparison by changing distances SL1 and SL2.

Table 4 Effect of distances SL1 and SL2 on −10 dB bandwidth and
maximum actual gain.

SL1, SL2 (mm) −10 dB bandwidth Maximum gain
SL1 = 5.2, 1.1GHz (27.31–28.41GHz) 20.3 dBi
SL2 = 5.3
SL1 = 5.25, 1.16GHz (27.21–28.37GHz) 20.44 dBi
SL2 = 5.35
SL1 = 5.3, 0.47GHz (27.23–27.7Hz) 20.37 dBi
SL2 = 5.2 0.46GHz (28.45–27.99GHz)
SL1 = 5.3, 1.22GHz (28.39–27.17GHz) 20.49 dBi
SL2 = 5.3
SL1 = 5.5, 0.54GHz (27.72–28.26GHz) 19.29 dBi
SL2 = 5.5

layer are identical to those of the first layer; however, in
[15], thickness of second superstrate layer is about twice of
thickness of first superstrate layer. In addition, the distance
between ground plane to the first layer is changed after the
second layer is added. To get maximum performance of gain
and reflection coefficient, distance SL1 and SL2 needs to be
precisely optimized.

Figure 20 shows the comparison of |S11 | by changing
distance SL1 and SL2. From the analysis results, maximum
−10 dB impedance bandwidth is obtained at SL1 = 5.3mm
and SL2 = 5.3mm. The maximum −10 dB impedance band-
width is about 1.22GHz bandwidth. Figure 21 shows ac-
tual gain comparison by changing distance SL1 and SL2.
Maximum actual gain is obtained at SL1 = 5.3mm and
SL2 = 5.3mm. The maximum actual gain is around
20.49 dBi. Effect of the distances SL1 and SL2 on −10 dB
bandwidth and maximum actual gain is summarized in Ta-
ble 4.
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Fig. 21 Actual gains comparison by changing distances SL1 and SL2.

Fig. 22 |S11 | comparison with two dielectric superstrate layers.

Figure 22 shows the |S11 | comparison, after two layers of
dielectric superstrate are arranged on the top of slot antennas
array as illustrated in Fig. 19. From the Fig. 22, it can be seen
that −10 dB impedance bandwidth of the slot antennas array
with two dielectric superstrate layers occupies the frequency
range of 27.17GHz to 28.39GHz which is about 1.22GHz.
Therefore, after two layers of dielectric superstrate are used,
−10 dB impedance bandwidth of the antenna structure is
decreased around 30MHz.

From [23], each mobile operator in Japan has been
allocated for a total of 400MHz bandwidth in 28GHz fre-
quency band. Therefore, the proposed antenna structure can
offer 1.22GHz of −10 dB impedance bandwidth, which is
sufficient for practicality. From Fig. 23, maximum actual
gain in the broadside direction is about 20.49 dBi and −3 dB
gain bandwidth occupies the frequency range of 27.02GHz
to 28.57GHz which is about 1.55GHz. Comparing to the
case with one layer of dielectric superstrate, maximum ac-
tual gain has been enhanced around 1.35 dBi after two layers
of dielectric superstrate are used.

Figure 24 and Fig. 25 show comparison of radiation
pattern along E-plane and H-plane, which are evaluated at
frequencies of 27GHz, 28GHz and 29GHz after two dielec-
tric superstrate layers are arranged on top of the slot antennas
array ground planewith optimized spacings of SL1 = 5.3mm
and SL2 = 5.3mm. After the second dielectric superstrate
layer is added, sidelobe level is slightly increasing at 27GHz
and is slightly decreasing at 28GHz and 29GHz. On the
other hand, maximum gain in the broadside radiation is
slightly increasing and HPBW is also slightly decreasing

Fig. 23 Actual gain comparison with two dielectric superstrate layers.

Fig. 24 E-plane pattern comparisonwith two dielectric superstrate layers.

Fig. 25 H-plane pattern comparison with two dielectric superstrate lay-
ers.

Table 5 Effect of element spacing ds on −10 dB bandwidth and maxi-
mum actual gain.

ds −10 dB bandwidth Maximum gain
ds = 8.2mm 0.34GHz (27.3–27.64GHz) 20.4 dBi

0.6GHz (28.04–28.64GHz)
ds = 8.3mm 0.45GHz (27.23–27.68GHz) 20.47 dBi

0.63GHz (27.88–28.51GHz)
ds = 8.4mm 1.22GHz (27.17–28.39GHz) 20.49 dBi
ds = 8.5mm 1.18GHz (27.1–28.28GHz) 20.49 dBi
ds = 8.6mm 1.12GHz (27.04–28.16GHz) 20.49 dBi

along H-plane.
Figure 26 and Fig. 27 show comparison of |S11 | and ac-

tual gain of the slot antennas array with two dielectric super-
strate layers by changing element spacing ds. From Fig. 27,
analysis results show that actual gain has maximum value at
ds = 8.4mm, ds = 8.5mm, and ds = 8.6mm. From Fig. 26,
−10 dB impedance bandwidth is maximum at ds = 8.4mm.
Therefore, the optimum element spacing for both −10 dB
impedance bandwidth and actual gain is ds = 8.4mm. Ef-
fect of the element spacing ds on −10 dB bandwidth and
maximum actual gain is summarized in Table 5.

Finally, comparison of radiation efficiency is performed
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Fig. 26 |S11 | comparison by changing element spacing ds .

Fig. 27 Actual gains comparison by changing element spacing ds .

as following. Total radiation, which will be evaluated, are
calculated as in following equations from FDTD simulator
sim4Life [20]:

ηtotal = ηrad × ηmis (2)

ηmis =
Pin

Pav
(3)

ηrad =
Gmax

Dmax
(4)

In these equations, ηtotal is total radiation efficiency, ηmis is
mismatch efficiency, ηrad is radiation efficiency, Pin is total
input power, Pav is total available power,Gmax and Dmax are
maximum gain and maximum directivity. Figure 28 shows
comparison of total radiation efficiency which is analyzed by
FDTD in commercial software Sim4Life. Without using re-
flector, the array antenna has high total efficiency at 28GHz
and low total efficiency when frequency is getting higher and
lower. After a reflector is used, the trend of efficiency is not
changed. However, performance of total efficiency is de-
graded. After one layer of dielectric superstrate is used, total
efficiency is enhanced at lower frequency. Total efficiency
is within 77% to 91% over 27GHz to 28.7GHz. After two
layers of dielectric superstrate are used, total efficiency is
within 86% to 95% over 27.17GHz to 28.4GHz.

4. Simulation and Measurement Comparison

To validate the analysis results in Sect. 3, the prototype of
linear array of 4 leaf-shaped bowtie slot antennas is fabri-
cated by using etching and engraving technique for the case

Fig. 28 Total radiation efficiency comparison.

Fig. 29 Prototype of linear array of 4 leaf-shaped bowtie slot antenna.
(a) antenna ground plane, (b) antenna feedline, (c) antenna side view with
two dielectric superstrate layers.

of SL1 = SL2 = 5.3mm.
Figure 29 shows prototype of the proposed antenna

structure. Figure 30 shows comparison between measured
and simulated results. From Fig. 30, the measured −10 dB
impedance bandwidth occupies the range of 27.22GHz to
28.55GHz, and the simulated −10 dB impedance bandwidth
occupies the range of 27.17GHz to 28.39GHz. Therefore,
the measured −10 dB impedance bandwidth is slightly shift-
ing to higher frequency band. However, the discrepancies be-
tween the measured and simulated −10 dB impedance band-
width are small. In addition, −10 dB impedance bandwidth
is still in the same 28GHz band. From Fig. 30, the measured
actual gain is around 1.5 dBi smaller than simulated actual
gain at 28GHz. The discrepancies could be due to the con-
ductor loss, fabrication error of the prototype antenna, and
the disturbance of radiation characteristics which is caused
by screws or connectors.

Figure 31 and Fig. 32 show comparison between mea-
sured and simulated radiation pattern at frequencies of
27.2GHz, 27.5GHz, 28GHz, and 28.5GHz, which are
within−10 dB impedance bandwidth (27.2GHz–28.5GHz).
In broadside direction, there are small discrepancies be-
tween measured and simulated results at 28.5GHz along
both E-plane and H-plane. However, sidelobe level of mea-
sured radiation pattern along E-plane is slightly increasing at
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Fig. 30 Comparison between measured and simulated results for reflec-
tion coefficient |S11 | and actual gain.

Fig. 31 Comparison between measured and simulated E-plane pattern.

27.2GHz, 27.5GHz and 28GHz. From Fig. 31 and Fig. 32
maximum gain of measured radiation pattern at 28GHz is
around 2 dB smaller than the maximum gain of simulated
radiation pattern. The discrepancies could be due to the
fabrication error of the prototype antenna, and the distur-
bance of radiation characteristics which is caused by screws
or connectors. In terms of HPBW, Fig. 31 and Fig. 32 show
a good agreement between simulated and measured radia-
tion patterns along both E-plane and H-plane. Therefore,
both simulated and measured results confirm that the pro-
posed antenna structure has good radiation pattern within
27.2GHz to 28.5GHz.

5. Conclusion

In this paper, a linear array of 4 leaf-shaped bowtie slot anten-
nas with two layers of dielectric superstrate is proposed for
use in quasi-millimeter wave frequency. The antenna char-
acteristics are investigated by FDTD analysis in commercial
simulation software (Sim4Life). Actual gain and −10 dB

Fig. 32 Comparison between measured and simulated H-plane pattern.

impedance bandwidth of the slot antennas array are improved
by using two layers of dielectric superstrate. However, per-
formance of impedance bandwidth is highly associated with
location of dielectric superstrate layer. From analysis results,
maximumperformance of antenna characteristics is obtained
when distance SL1 is equal to 5.3mm and SL2 is equal to
5.3mm. The maximum −10 dB impedance bandwidth is
1.22GHz, which occupies frequency range of 27.17GHz to
28.39GHz. Maximum actual gain in broadside direction
is 20.49 dBi and −3 dB gain bandwidth is 1.55GHz, which
occupies frequency range of 27.02GHz to 28.57GHz. To-
tal efficiency of proposed antenna structure is between 86%
to 95% over operational impedance bandwidth. The pro-
posed antenna structure has high efficiency and high actual
gain. The −10 dB impedance bandwidth of proposed an-
tenna structure is sufficient for future 5G application [23].
In addition, the antenna structure is low cost and easy to
fabricate. To validate the analysis results, prototype of the
proposed antenna has been fabricated and characteristics of
the antenna prototype are measured and compared with sim-
ulated results.
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