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-ABSTRACT.
We designed a 2.4-7GHz dual-band microstrip patch antenna DB-MPA using electromagnetic field simulation
and transmission characteristic (S21) measurements. Optimizing the slot length of the patch surface increased
the directional antenna gain at 7 GHz by 3.5 dB compared to 2.48 GHz, reducing the effect of the higher spatial
propagation loss of 9 dB at 7 GHz. A transmission system simulation with an antenna component model
incorporating S21 data measured with the 2.4-7GHz DB-MPA from 1 to 8 GHz was conducted at a spatial
propagation distance of 5 to 40 m to verify the practicality of the 2.4-7GHz DB-MPA.
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I. INTRODUCTION

The microstrip patch antennas (MPAs) are planar antennas consisting of a metal film radiation element
(patch) formed on the surface of a dielectric substrate and a metal film ground on the backside. They have been
widely studied because they are easy to design and manufacture. For example, MPAs have been studied to
achieve a wide bandwidth by forming standard rectangular patch surfaces and slots [1-5]. Multi-band microstrip
antennas with multiple frequencies (MB-MPA), two-frequencies (2.5, 3.5 GHz) [6], (2.396, 2.53 GHz) [7],
(3.52, 6 GHz) [8], (2.4-2.73, 3.4-5.73 GHz) [9], three-frequencies (2. 4, 3.7, and 4.7 GHz) [11], (2.45, 3.5, and
4.65 GHz) [10], four frequencies (7.2-17.5 GHz) [12], and five frequencies (5-12 GHz) [13] are in the study.
There are also studies of antennas with different slot and patch surface geometries (2, 11 GHz) [14], (8.5 GHz)
[15], (2.45 GHz) [16], and combined antennas with inversed F type antenna (IFAs) (5-6 GHz) [17].
Furthermore, there are reports of array antennas with multiple MPAs [18], [19]. Thus, multi-band MB-MPAs
have been actively studied.

A mid-band frequency, 1 to 7.125 GHz as Sub-7GHz, will be used for 5G-advanced, so the two
frequencies of 2.4 and 7 GHz are attractive in an antenna design for wireless fidelity (Wi-Fi) [20] and Sub-
7GHz. In the dual band DB-MPA design for the two frequency bands of 2.4 GHz and 7 GHz, the difference in
spatial propagation loss increases with the difference in the frequencies, so the gain of the DB-MPA at the high
frequency needs to be improved. We designed a wide-range 2.4-7GHz dual-band MPA with an optimized of
rectangular patch antenna slot length. Using electromagnetic field simulation, we analyzed the current density
distribution on the patch surface and 3D electric field intensity radiation distribution. We conducted
transmission and receiving system simulation using 2.4-7GHz DB-MPA and a vector network analyzer and
investigated the possibility of long-distance communication (5 to 40 m).

II. 2.4 -7GHZ DUAL BAND MICROSTRIP PATCH ANTENNA (DB-MPA) DESIGN

We designed and fabricated a dual-band microstrip patch antenna (DB-MPA) for the 2.48 GHz and 7
GHz frequency bands. The substrate used was a 1.6 mm thick FR-4 glass epoxy dielectric substrate (60 x 60
mm) with 35 pm thick copper foil on both sides. As shown in Fig. 1, a patch of length (Lyrs) = 28 mm and width
(Wwea) = 37 mm was formed on the copper foil on the surface of the substrate, and a 50 Q micro-striped line
(MSL) of 3 mm width was used to feed the patch. Two slots 8.5 mm long and 0.75 mm wide were formed on
both sides of the microstrip line (MSL). The S-parameters (S,) were obtained by an electromagnetic field
simulator (AXIEM) [21] when the lengths of the slots Ls were varied from 6, 8.5, 10, and 15 mm. As shown in
Fig. 2, resonant frequencies appeared at 2.45, 3.75, 6.2, and 7.047 GHz. The slot length that showed the
minimum value of S;, in the two frequency bands of f, = 2.48 GHz and f, = 7 GHz was L, = 8.5 mm.
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Figure 1: 2.4-7GHz dual-band microstrip patch antenna (DB-MPA) fabricated on FR-4 substrate.
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Figure 2: Reflective coefficient S-parameter S,; simulated for 2.4-7GHz DB-MPA with different slot
lengths Ls of 6, 8.5, 10, and 15 mm.

ITI. CURRENT DENSITY DISTRIBUTIONS AT THE 2.4-7GHZ DUAL BAND PATCH ANTENNA

Using Maxwell's electromagnetic field equations and the x-y-z coordinates (Fig. 3), the #-directional
component dE£, and the @-directional component d£, of the radiated electric field intensity (dE) at distance  due
to the current density (j) flowing over a small length (dx) of the patch antenna surface can be expressed as
equations (1) and (2), respectively. In this equation, B is the wavenumber 27/A, and #, is the spatial impedance .

r 4

Figure 3: The current fragment jdx on the x-y-z coordinate origin point creates radiated electric field
intensities dE, and dE, at a distance r from the origin point.
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Figure 4: Current density distributions at 2.48 GHz and 7 GHz at the patch surface of 2.4-7GHz DB-
MPA analyzed by electromagnetic field simulation.

The 3D electric field intensity patterns of £, and E, were obtained using the electromagnetic simulator
AXIEM. The simulated £, and E,, at the frequency f, = 2.48 GHz are shown in Fig. 4. The values of £, and E,,
vary with cosf and sing, respectively, which reflect the current direction of the patch antenna surface, as
determined by (1) and (2). Equations (1) and (2) are complex numbers, but in this paper, simulated and
calculated E,and E, values are expressed in terms of magnitude (absolute value).

Figure 5 shows the electrical field intensity patterns of E,, and E at a frequency of f, = 2.48 GHz,
reflecting the current density distribution. The electrical field intensity patterns of E;, and E,, at a frequency of £,
=7 GHz are shown in Fig. 6. The field intensity pattern is sharper than at 2.48 GHz because the current density
distribution shows a resonant mode in which the Ly, is divided into three parts. The total power is expressed as
TPwr = (E#+E)/(2n,), which shows a hemispherical power distribution at 2.48 GHz, as shown in Fig. 7. At 7
GHz, the power distribution is slightly doughnut-shaped. A large power distribution on the substrate rear is
considered to be because a part of the surface current return is located near the center of the patch surface.

f,=2.48 GHz

(1) Ep (2) Eo

Figure S: Electric field intensity E,, and E,, radiation patterns correspond to the current density
distribution on the 2.4-7GHz DB-MPA patch surface at the frequency of 2.48 GHz.

f,=7GHz

(1) Eq (2) Eq2

Figure 6: Electric field intensity E,, and E,, radiation patterns correspond to the current density
distribution on the 2.4-7GHz DB-MPA patch surface at the frequency of 7 GHz.
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Figure 7: Total power TPwr radiation patterns correspond to the current density distribution on the
2.4-7GHz DB-MPA patch surface at the frequency of 7 GHz.

IV. CROSS SECTIONAL VIEW OF ELECTRIC FIELD INTENSITY RADIATION FROM THE
2.4-7GHZ DB-MPA

We investigated the 2D electric field intensity distributions of E, and E, at 2.48 GHz and 7 GHz
resonant frequencies. The conic cuts of £, and E, at 2.48 GHz are shown in Fig. 8. The maximum value of the
directional gain is 6.88 dBi (6 = 0°) at 2.48GHz. The gain value at 8 = 30 °is close to § = 0°. Since the Eis
rotated 90 degrees from E, (see Fig.5), the gain value of E, is close to E,.

The maximum value of the directional gain is 11.7 dBi (8 = 0°) at 7 GHz, as shown in Fig. 9. The
maximum gain values at § = 30 °are 7.02 dB and 2.79 dB for E,, and E,,, respectively. Since the electric field
intensity radiation patterns of E, and E, are sharp and asymmetric (see Fig. 6), the directional gain is
significantly increased when 6 is increased.

Conic cut f1=2.48 GHz

Figure 8: Conic cut cross sections at # = 0° and 30° of the electric field intensities E,, and E,, radiated
from the current density distributions at frequency 2.48 GHz on the patch surface of the 2.4-7GHz DB-
MPA.

Conic cut f,=7GHz

Figure 9: Conic cut cross sections at § = 0° and 30° of the electric field intensities E,; and E,, radiated
from the current density distributions at frequency 7 GHz on the patch surface of the 2.4-7GHz DB-
MPA.
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Figure 10 shows the principal plane cuts of E,, (o= 0°) and E,; (¢ = 90°) at frequency f; = 2.48 GHz.
The hemispherical distribution on the substrate surface reflects the electric field intensity radiation pattern (see
Fig. 5). The maximum value of the directional gain is 6.92 dBi for E,; and E,.

Principal plane cut f1=2.48 GHz

(1) Epy (2) Egq

Figure 10: The principal plane cut cross sections at ¢ = 90° and 0° of the electric field intensities E,, and
E, radiated from the current density distributions at frequency 2.48 GHz on the patch surface of the 2.4-
7GHz DB-MPA.

The principal plane cuts of Ey, (¢ = 0°) and E,, (¢ = 90°) at frequency f, = 7 GHz are shown in Fig. 11.
The maximum value of the directional gain is 11.7 dBi for £,, and E,,. A sharpened and asymmetric intensity
pattern is observed on the surface of the substrate, and a small radiation pattern is seen on the substrate's rear,
reflecting the electric field intensity radiation pattern. The 7Pwr conic cut distributions at 2.48 GHz and 7 GHz
are shown in Fig. 12. The 2.48 GHz TPwr shows a circle radiation distribution, and the 7 GHz TPwr shows a
little asymmetric distribution. The maximum directional gain is 6.92 dBi and 11.7 dBi for 2.48 GHz and 7 GHz,
respectively. The sharpened electric field intensity radiation created by three resonant current sections
realizes higher directional gain at 7 GHz than 2.4 GHz for the 2.4-7GHz DB-MPA.

Principal plane cut  f, =7 GHz

(1) Ep2

Figure 11: The principal plane cut cross sections at ¢ = 90° and 0° of the electric field intensities E,, and
Ey, radiated from the current density distributions at frequency 7 GHz on the patch surface of the 2.4-
7GHz DB-MPA.

TPwr

(1) 2.48GHz

Figure 12: Conic cut cross sections of the total powers radiated from the current density distributions at
frequencies 2.48 GHz and 7 GHz on the patch surface of the 2.4-7GHz DB-MPA.
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We simulated the directional gain with the sweep frequency of the 2.4-7GHz DB-MPA using AXIEM.
The directional gains of the £, at 6 = 0°and ¢ = 90° and E,at 6 = 0° and ¢ = 0° were plotted with frequencies
from 2000 to 8000 MHz, as shown in Fig.13. The directional gains of £,(6 = 0°, ¢ = 0°) and E,(0 = 0°, ¢ = 90°)
are the same. The directional gains at 2.5 GHz and 7 GHz were 6.916 dBi and 11.73 dBi, respectively. These
values were the same as the maximum values obtained in Fig. 8-11.
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Figure 13: Simulated result of the directional gains of E, at 6 = 0°and ¢ = 90° and E,at 6 = 0°and ¢ = 0°
with frequency sweep for the 2.4-7GHz DB-MPA.

V. MEASUREMENTS OF TRANSMISSION CHARACTERISTICS (S21) WITH
TRANSMITTING AND RECEIVING ANTENNAS OF 2.47-7GHZ DB-MPA
The reflection coefficient S, and transmission coefficient S,, of the S-parameters from 1 to 8 GHz were
measured by a vector network analyzer (VNA) using the fabricated 2.4-7GHz DB-MPA. The spatial
propagation distance d, between the transmitting antenna (TxMPA, DB-MPA) and the receiving antenna
(RxMPA, DB-MPA) were set to 0.1 m, and the transmitting coefficient S,, was measured. The S-parameters S,,
and S,are shown in Fig. 14 and 15, and the S, (-19 dB) measured at 7 GHz is 5 dB lower than the S, (-14 dB)
measured at 2.48 GHz.

10
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Figure 14: Reflection coefficient S, and transmitting coefficient S,, measured with a vector network
analyzer using 2.4 -7GHz DB-MPA as the transmitting and receiving antennas (TxPMA and RxMPA).
Calculated spatial propagation loss in the frequency range 0.1 - 8 GHz at a spatial propagation distance

ds=0.1 m.
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The difference in S, is due to the wavelength dependence of the spatial propagation loss Iy, as the
calculated Ty, = 29.5 dB at £, = 7 GHz is 9 dB larger than the 'y, = 20.5 dB at 4.8 GHz. Considering the
frequency dependence of the spatial propagation loss and the electrical connection loss, the S,, of the 2.4-7GHz
DB-MPA alone is calculated to be 8.8 dB at 7 GHz and 5.3 dB at 2.48 GHz. The electromagnetic simulations of
the cross cuts of the field intensity patterns, shown in Fig. 8 to 11, show the maximum directional gain of 11.7
dBi at 7 GHz and 6.9 dBi at 2.48 GHz, respectively. The cause of this difference between the S,, and directional
gain can be attributed to the reflection of electromagnetic waves on the antenna surface and the gain distribution
due to the polarization angle in the S, measurement.

For a resonant frequency around 7 GHz, the resonant length is non-uniformly distributed in the L and
W directions in the current density distribution in the Ly, divided into three parts, as shown in Fig. 3(2).

The rectangular resonant frequency f., is represented by equation (3), which is derived from the cutoff
resonant condition of (o/C)*= k,>+ k.2, where C is the light velocity, k., is the wavenumber, &, is the relative
permittivity, Lwea. and Wyea. are the effective resonant lengths of the patch antenna, and the resonant mode
orders m and n are integers.
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Figure 15: 2.4-7GHz DB-MPA reflection coefficient S,;, transmitting coefficient S,,, and -3 dB
frequency bandwidth at S,,.

Figure 15 shows the details of S,, and S,, of 2.4-7GHz DB-MPA. The symbol f, shows a center
frequency of 2.48 GHz, the resonant frequency bandwidth BW, full width at half maximum point (FWHM, -
3dB), is 0.18 GHz, and S,, = 5.46 dB, while f, shows a center frequency of 7.05 GHz, a resonant BW of 0.7 GHz,
and S,, = 8.8 dB. The three-part division in the current density distribution at around 7 GHz varies the effective
resonant current length Lyys. by interaction with the edge of the slots. When the effective resonant length Lypa.
varies from 30.8 to 28.0 mm and m = 3 and n = 0 in (3), the frequency f,. varies from 6.8 to 7.5 GHz. The
variation in the three-part resonant current modes causes a wide BW of 0.7 GHz at the resonant frequency of 7
GHz for 2.3-7GHz DB-MPA.

If we increase the resonant frequency higher than 7.5 GHz, the current density distribution changes to
four modes, as shown in Fig.16. The four-current mode resonant frequency f;. is calculated by (3) usingm =0, n
=4, and Wypa. = 37.3 mm. This DB-MPA can be used for another application.
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Figure 16: Current density distribution at frequency 7.5 GHz.

In addition to f; and f,, resonant frequencies at 3750 MHz (S,, = -15dB) and 4695 MHz (S,, = -30dB)
appear in the 2.4-7 GHz DB-MPA, but the corresponding S, is low as 1.91dB and 2.91dB, respectively. There
is no strong correlation between S,, and S,,. Therefore, simulation of current density distribution, electrical field
intensity pattern, and S,, measurements are essential in the design of S,, for MPA.

VI. TRANSMISSION COEFFICIENT S2IMEASUREMENTS WITH 2.7-7GHZ DB-MPA
A transmission system simulator (VSS) [20] was used to analyze the transmission characteristics of the
system configuration using the 2.4-7GHz DB-MPA, as shown in Fig. 17. The component model of the 2.4-
7GHz DB-MPA consists of the S-parameters S, file PAS21 calculated from the experimental data measured at a
spatial propagation distance of d, = 0.1 m using the transmission and receiving antennas TxMPA and RxMPA.
The spatial propagation distance d, is incorporated into the component parameters of the receive antenna
RxMPA.

00

VSS System Diagram & s

VNA
FSTART=1000 MHz
FSTOP=8000 MHz
FSTEP=100 MHz

LINAMP:
LIN_S: Linear behavioral model BUiIt-_ir_1 linear
component (S-parameter file amplifier
based)
LINAMP
GAIN=30
LIN_S ANTENNA ANTENNA LIN.S  LIN_S NF=3
ID=PAS21  ID=TxMPA ID=RxMPA  ID=PAS1 ID=Con_loss NO|SE=Auto

—d [ et e Dol Lo ef e

Figure 17: Transmission system simulation configuration using 2.4-7GHz DB-MPA as transmitter and
receiver antennas.
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Figure 18 shows the measured and simulated S,, transmission characteristics at spatial propagation
distances of d, = 0.1 m and 0.2 m for a transmission system configuration using 2.4-7GHz DB-MPA with
receiving and transmitting antennas TXMPA and RxMPA. The measured and simulated values are almost the
same, and the difference in S,, between d;= 0.1 and 0.2 m at 7 GHz is nearly the same as the spatial propagation
loss (about 6 dB). The simulated S,, at d, = 0.2 m is almost equal to the measured value.

A system simulation was conducted by connecting a 30 dB linear amplifier LINAMP to the rear stage
of the RxMPA to investigate the transmission characteristics at long spatial propagation distances of d, = 3, 10,
and 40 m. The simulation results are shown in Fig. 19. Since a receiver power higher than -70 dBm is
considered to be a practical signal level for digitally modulated wireless communication systems such as Wi-Fi
and 6G, long-distance communication at 2.48 GHz and 7 GHz using the designed 2.4-7GHz DB-MPA is

feasible.
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-20 194 dB 7050 MHz s _/ m
22.74 dB
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Figure 18: Measured (solid line) and simulated (dashed line) transmission characteristics (S,,) at spatial
propagation distances d= 0.1 and 0.2 m using 2.4-7GHz DB-MPA as transmitting and receiving antennas
(TxMP and RxMP).
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Figure 19: System simulation results of long-range transmission characteristics (S,,) using 2.4-7GHz
DB-MPA as transmitting and receiving antennas (TxMP, RxMP) with spatial propagation distances d,=
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5,10, and 40 m. A 30dB linear amplifier was connected at the rear of the receiving antenna (RxMPA).

VII. CONCLUSION

Using an electromagnetic field simulator we designed a 2.4-7 GHz dual-band microstrip patch
antenna (DB-MPA), and fabricated it using an FR-4 substrate (35 um copper foil thickness, 1.6 mm dielectric
board thickness, relative permittivity ). The minimum frequency reflection coefficient S,, was determined by
optimizing the slot lengths at both sides of the electrical feed line MSL on the rectangular patch surfaces (Lysp X
Wuse). The current density distribution at 7 GHz showed a square resonant mode (m = 3, n = 0) with the Lys
divided into three parts. The electric field intensity radiation distribution at 7 GHz showed a more acute shape
than the resonant mode at 2.48 GHz (m=1, n=0), although the polarization direction was the same. The
maximum directional gains at 2.48 GHz and 7 GHz obtained from the cross-sectional pattern of the electric field
intensity radiation distribution were 6.92 dBi and 11.7 dBi, respectively. We also achieved these values from the
simulation of the F, and E, with the frequency sweep. The transmitting coefficient S,, was measured using the
fabricated 2.4-7GHz DB-MPA as the transmitter and receiver antennas. At a spatial propagation distance of d, =
0.1 m, the transmission coefficients S,, at 2.48 GHz and 7 GHz were -14 dB and -19 dB, respectively.

Considering the difference of 9 dB in space propagation loss and 3 dB in total coaxial cable and adapter
losses between 2.48 GHz and 7 GHz, the designed 2.4-7GHz DB-MPA has a directional gain of 5.46 dBi and
8.8 dBi at 2.48GHz and 7 GHz, respectively. The space propagation and coaxial cable and adapter losses are
significant in wireless communications with a high-frequency difference. The S,, and S,, values of the MPA do
not generally correlate well, so it is essential to evaluate the current density distribution, electric field intensity
radiation pattern, and S,, values in the design of the 2.4-7GHz DB-MPA. A wireless system simulation shows
that the transmitter and receiver using 2.4-7GHz DB-MPAs designed in this study can communicate at 2.48
GHz and 7 GHz with spatial propagation distances of d,= 5 to 40 m.
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