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Abstract—A novel slot antenna that consists of an H-shaped slot
encompassed by a rectangular metallic wall and a pair of C-shaped
slots outside the wall is proposed. It features a unidirectional pattern,
small electrical dimensions and medium gain. The H-shaped slot
radiates as an inductively loaded magnetic dipole while the induced
electric currents on the vertical wall radiates as electric dipoles. The
front-to-back ratio (FBR) of the antenna can be controlled by proper
constructive and destructive interferences of radiating fields of the
magnetic and electric dipoles. The size of the ground plane can be
reduced by the use of the C-shaped slots that confine the currents to
the proximity of the metallic wall. Two prototype antennas operating
at 2.4 GHz were designed. By adjusting the structure parameters, the
front-to-back ratio of the antenna can be conveniently altered. The first
prototype has an impedance bandwidth (BW) of 3.8% for SWR < 2,
a 4.6dBi gain, a 10-dB FBR and a ground size of 0.84)\y x 0.64)\g
where A is the free-space wavelength at the center frequency. The
corresponding figures of the second prototype are 1.83%, 4.1 dBi, over
20dB and 0.64\g x 0.64)g. Both antennas have a height of 0.128 ).

1. INTRODUCTION

In many applications, e.g., aircrafts, satellites and missiles, where
size, weight, cost, performance, ease of installation, and aerodynamic
profile are constrained, antennas with unidirectional pattern and
small size are often required. In spite of their large bandwidth,
horn antenna, logarithm periodic antenna, Yagi-Uda antenna and
tapered slot antenna [1-4] are limited by their electrical large sizes
for these applications. On the other hand, microstrip patch antennas
(MPAs) [5] are an appropriate candidate due to their low cost and
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profile, compactness, and conformity to planar and nonplanar surfaces.
Various shapes of the MPA element were extensively studied, such as
rectangular [6-10], U-slot [11,12], H-shaped [13], fractal [14], annual
ring [15], polygonal [16], star-shaped [17] patch antennas and so on,
and have a lot of applications, for example in the RF front-end [18].
But their impedance bandwidths are often a few percents.

Another important aspect of the unidirectional radiation pattern
is the front-to-back ratio (FBR). The FBR of the MPA is usually
enhanced by using a large ground plane [6-8] or adding a reflecting
strip [9,10], which either increases the antenna sizes or complicates
the antenna design procedure.

As we know, a narrow slot radiator, corresponding to a
complementary counterpart of an electric dipole, can be fabricated
on a supporting substrate and fed by a microstrip line or a coplanar
waveguide (CPW). Its electrical size can be reduced by the terminal
loading method, such as antennas with H-shaped or spiral lines loading
slots [19,20]. However, the slot antenna has a bi-directional pattern
and is not suitable for many applications that require unidirectional
radiation patterns. Common methods to alleviate this problem are to
put a reflecting plane one-quarter wavelength away from the antenna
or back the antenna with a cavity [21].

In this paper, an alternative approach for achieving unidirectional
slot antenna is proposed. It is based on the notion that electric and
magnetic dipoles, when placed on the same plane orthogonally to each
other, will constructively interfered in one half space and destructively
interfered in the other [22]. In this paper, an H-shaped slot, equivalence
of an inductively loaded magnetic dipole, is encompassed by a thin
rectangular metallic wall. Currents induced on the wall will radiate
as electric dipoles. To confine the induced currents to the proximity
of the wall, two C-shaped slots are symmetrically placed close to the
radiating edges of the wall. As such, the size of the ground plane can
be reduced and the FBR can also be enhanced.

Two prototypes of the proposed design operating at 2.4 GHz were
constructed. The first prototype shows an impedance bandwidth
(BW) of 3.8% for SWR < 2, a 4.6dBi gain, a 10-dB FBR and
a total area (including the ground plane) of 0.84X\¢ x 0.64\g where
Ao is the free-space wavelength at 2.4 GHz. By adjusting some key
structure parameters, we can improve the FBR albeit reduction of
bandwidth. A second prototype was designed to have a larger FBR
and the corresponding performance figures are 1.83%, 4.1dBi, over
20dB and 0.64Xg x 0.64)\y. Both antennas have a height of 0.128).
Simulated and measured return losses and radiation patterns show
good agreements.
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2. GEOMETRY AND ANALYSIS OF THE SLOT
ANTENNA

2.1. Geometry of the Proposed Antenna

Figure 1 shows the configuration of the proposed slot antenna which
was fabricated on a substrate with a relative dielectric constant of
2.33 and thickness of 0.787mm. On one side of the substrate, an
H-shaped slot was etched at the center of a Gy x G, ground plane
and its size is determined by Sy, Sw, Vi and Viy, respectively (see
Fig. 1(a)). A microstrip line with a two-stage impedance transformer
on the other side of the substrate is utilized to feed the slot. There
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Figure 1. Geometries of the proposed slot antenna, (a) Top view, (b)
Side view, (c¢) 3-D view.
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is a vertical metallic wall soldered on the ground, forming an open
frame enclosing the H-shaped slot. The dimensions of the rectangular
wall are denoted by Wy (width), Wi, (length) and Wy (height) (see
Figs. 1(b) and (c)). Two C-shaped slots, in a mirror reflection fashion,
are also etched on the ground plane and symmetrical along the central
line of the microstrip line. The parameters of the C-shaped slots are
illustrated in Fig. 1 (a), which are Cyr, Cgw, Pr, Py and Cyy.

2.2. Analysis of the Antenna

First of all, the electric current on the vertical wall can be simply
denoted by the solid line in Figs. 2(a) and (b). (The simulated
electric current distribution on the vertical wall is given in Fig. 3(a)
to verify the simplified electric current denotation and to show that
radiating edges are mainly along AB and CD.) It is symmetrical
along the y-z plane due to the symmetry of the structure, acting
as two electric dipoles. The electric currents on AB and CD edges
of the wall are dominant due to their larger intensity and identical
directions. In contrast, electric currents on AC and BD edges are
out of phase, thus their far fields cancel each other along the y-z
and x-z planes. The electric field distribution in the H-shaped slot is
given in Fig. 3(b). According to the equivalence theorem [23], the H-
shaped slot is equivalent to a shortened magnetic dipole with inductive
loading [19], which is along the z-direction, depicted as the dashed
line in Fig. 2(a). Fig. 2(c) shows the interaction between the electric

) ly—>
X z
A z X @ By magnetic dipole Magnetic dipole
nl | | Electric current
—
,,,,,,, i ||
[ Equivalent
magnetic current
B — D ™ AN < 0","//
:L‘ Vertical wall ’J: Microstrip line ‘\Verlical wall By electric dipole Electric dipole
C-shaped slot C-shaped slot Gr;);;q«:l}:i:ne
(a) (b) (©)

Figure 2. The proposed antenna is equivalent to the combination of a
magnetic dipole and two electric dipoles, (a) Top view, (b) Side view,
(c¢) Combination of a magnetic dipole and an electric dipole.
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fields of the equivalent magnetic dipole and the electric dipoles, which
are denoted by the dashed and solid lines, respectively. In the right-
hand side, the electric fields corresponding to the magnetic and electric
dipoles destructively interfere as they are out of phase. In contrast,
the fields in the left-hand side are in phase and they constructively
interfere. When the respective fields generated by the magnetic and
electric dipoles hold approximately equal amplitude, a good FBR is
achieved. Thus, the ground size plays a lesser role in the FBR and can
be relatively small, in contrast to the large ground size of MPAs that
is critical to obtain a large FBR. The two C-shaped slots confine the
induced current on the ground plane in the proximity of the wall, as
shown in Fig. 3(b), which also indicates that the large ground plane is
unnecessary for the proposed antenna.
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Figure 3. Simulated electric current distributions of the proposed
antenna, (a) Electric current on the vertical wall, (b) Electric current
on the ground plane.

3. NUMERICAL AND EXPERIMENTAL RESULTS

3.1. Sensitivity Analysis

In this section, we investigate structure parameters that are sensitive
to the antenna performances. All the simulations were performed by
Ansoft High Frequency Structure Simulator (HFSS™) and the main
antenna structure parameters and their effects will be summarized in
reference to the geometry shown in Fig. 1. The operating principles of
the proposed antenna and key performance indicators of the resonant
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Figure 4. Simulated BW of the proposed antenna versus Sy and Gr.
For S,, studies: S; = 14, Viy = 0.25, Vi, = 13.5, P;, = 28, Py = 16,
Cur = 3, Cgw =5, Cyw = 2, Wy = 8, Gw = 50, G = 50,
Wy = 14, Wi, = 15 (in millimeter). For G, studies: Sy = 1, and the
others are same to those of the former.

frequency, impedance BW and FBR can be further understood by these
parametric studies.

First of all, the BW is mainly determined by two parameters G,
and Sy, as shown in Fig. 4. It increases along with Sy, denoting the
width of the horizontal part of the H-shaped slot, which is similar to
the ordinary slot antenna [24]. Increase in the size of the ground plane
in the z-direction G, has positive influence on the BW. However, the
FBR decreases by 2dB when G, increases from 35 to 60 mm. Secondly,
the center frequency is mainly influenced by the parameters of the H-
shaped slot, especially Sy and Vi, the width of the horizontal and
the length of the vertical portion of the slot, respectively. As shown in
Fig. 5, the value of inductive loading of the slot increases with V;, and
consequently, the center frequency decreases [19]. The center frequency
increases along with Sy, similar to the characteristics of the ordinary
slot antenna. Thirdly, the FBR is mainly determined by Wy and
Pr. Wy is the height of the wall and P; determines the distance
between the two C-shaped slots. As shown in Fig. 6, the FBR increases
rapidly from 4.6 to 18.3dB as Wy increases from 4 to 12mm. From
the figure, it can be seen that the larger the distance Pp, the worse
is the FBR. According to our simulations, 0.2 mm misalignments of
the vertical wall along either x or y direction cause only 0.4% shift of
the center frequency, and thus the antenna resonance is insensitive to
wall misalignment.
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Figure 5. Simulated center frequency of the proposed antenna versus
Sw and V. For Vi, studies: S, = 14, Sy = 0.4, Vi = 0.25, P, = 25,
Py =19, Cyr =3, Cupw =5, Cyw =2, Wy =8, Gw = G = 50,
Ww = 14, W = 15 (in millimeter). For Sy studies, the other
parameters are same to those in Fig. 4 (V = 13.5).
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Figure 6. Simulated FBR of the proposed antenna versus Wy and Pr..
For Wy studies: S;, = 14, Sw =1, Viy = 0.25, Vi, = 13.5, P, = 25,
Py =19, Cygr = 3mm, Cgw = 5, Cyw = 2, Gw = G = 50,
Ww = 14, Wy = 15 (in millimeter). For Py, studies: Py = 16,
Wy = 8, and the others are same to those of the former.
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3.2. Design Procedure

After the key structure parameters that affect the antenna performance
are presented, a simple design procedure of the proposed unidirectional
slot antenna is given as follows:

1) H-shaped slot design: One can follow the design procedure in [19]
for the H-shaped slot, but because of the effect of the vertical wall
the designed center frequency should be about 10% lower than the
desired one.

2) Vertical wall: To achieve a strong coupling between the H-shaped
slot and the vertical wall, we suggest that the vertical wall should
be close to the edge of H-shaped slot. Large values of Wy, and
W, are not suitable and unnecessary, and the wall height can be
set to 0.12).

3) C-shaped slots and the ground plane: By changing the parameters
of the C-shaped slots and the distance between them, the FBR
and the impedance bandwidth can be adjusted. The size of the
ground plane is more critical for the impedance BW than for the
FBR, and its initial value can be set to 0.7\g x 0.7\g.

In this paper two prototypes were designed by following the
procedure mentioned above for 2.4 GHz wireless communication
applications. To achieve an accurate center frequency, the parameters
of the antenna should be adjusted carefully after a rough model is
designed.

3.3. Tradeoff for Bandwidth

Two prototypes of the proposed antenna were designed. They
demonstrate the tradeoff between impedance BW and FBR. The first
prototype is emphasized on bandwidth consideration with the center
frequency at 2.4 GHz. The microstrip feed line and the slots are etched
on the substrate mentioned above. The vertical wall is made by folding
a rectangular strip with a thickness of 0.1 mm and soldered on the
ground plane. The structure parameters, in millimeters, are as follows:
S = 28.5 (0.228)\g), Sw = 1.8, Vi, = 29 (0.232)\g), Viw = 0.3,
Pr = 41 (0.328)\g), Pw = 33.5 (0.268)\g), Cyr = 6, Cygw = 11,
Cyw = 2, W, = 30 (0.24)\g), Wy = 29.5 (0.236)\g), Wy = 16
(0.128)\g), Gw = 80 (0.64)\g), G = 105 (0.84)\).

An HP8510C network analyzer and a compact range antenna
measurement chamber with an HP85103C antenna measurement
system were used to measure the return loss and the radiation patterns
of the proposed antenna. Fig. 7 shows the simulated and the measured
return losses, which agree well with each other. The measured
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Figure 7. Measured and simulated return losses of the first prototype.
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Figure 8. Measured and simulated radiation patterns at 2.4 GHz of
the first prototype, (a) E plane, (b) H plane.

operating frequency band for SWR < 2 covers from 2.345 to 2.435 GHz
and the corresponding fractional BW is 3.8%. This BW can meet
many requirements, for examples, the IEEE 802.11b wireless local
area network (WLAN) and ISM (Industrial, Scientific, and Medical)
frequency band at 2.4 GHz. The measured and simulated patterns
in the £ and H planes at 2.4 GHz are shown in Figs. 8(a) and (b),
respectively. The patterns of the proposed antenna are stable across
the whole band. The measured cross-polarization (cr-pol) is about
—20dB in both E and H planes, in contrast to —36 dB in the F plane
and —33dB in the H plane of the computed results. The measured
half-power beamwidths are 90° in the F-plane and 71° in the H-plane,
which are close to the simulated results of 86° and 72°. The FBR



248 Qu et al.
is another important specification, and the measured result is 10dB,
in good agreement with the simulated one. The gain is measured
by comparing with a standard-gain horn antenna, and the measured
value is 4.6dBi. The measurements show that this antenna has a
more symmetrical radiation pattern in H plane than that in E plane,
due to the non-symmetrical structure caused by the feed network
perpendicular to the z-z plane. Additionally, the SMA connector
and the coaxial feed line, which are necessary in the experiments and
located along —Y direction, will cause random diffractions and also

affect the symmetry of the measured results.
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Figure 9. Measured and simulated return losses of the second
prototype.
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Figure 10. Measured and simulated radiation patterns at 2.4 GHz of
the large FBR design, (a) E plane, (b) H plane.
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3.4. Tradeoff for FBR

From the parametric studies, in order to obtain a design for 20-dB
FBR, one effective method is to increase the height of the vertical
wall (see Fig. 6). However, it increases the electrical thickness of
the antenna as well. Here, we adjust other parameters to achieve
our goal of large FBR. The parameters of the second prototype with
a large FBR, in millimeters, are listed below, S;, = 26 (0.208)\),
Sw = 0.7, Vi, = 25 (0.2)\g), Viw = 0.3, P, = 28 (0.224)\), Py = 35
(0.28X\9), Cyr = 11.5, Cygw = 8, Cyw = 3, Wi = 27 (0.216)\),
Wy = 26 (0.208)\0), Wy = 16 (0.128)\g), Gw = G = 80 (0.64)\).
The measured and simulated return losses are shown in Fig. 9, where
they agree well with each other. The measured frequency band for
SWR < 2 covers from 2.385 to 2.429 GHz, corresponding to a fractional
BW of 1.83%. The measured and simulated patterns in the E and H
planes at 2.4 GHz are given in Fig. 10 with reasonably good agreements,
especially in the co-polarized main beam direction. The antenna has
a measured FBR of 21 dB and 24dB in F and H planes respectively.
Meanwhile it has a very large beam width, 99° in the E-plane and
78° in the H-plane, and it shows a measured gain of 4.1dBi. The
measured cross-polarization radiations are about —20dB in both F
and H planes.

4. CONCLUSION

A novel slot antenna with unidirectional radiation patterns is proposed
in this paper. The H-shaped slot, which is enclosed by a short
rectangular conducting wall, radiates as a magnetic dipole. The electric
currents induced on the conducting wall radiates as electric dipoles. A
pair of C-shaped slot was employed to confine the induced currents
within the region enclosed by the wall. Constructive and destructive
interferences of the magnetic and electric dipoles make unidirectional
radiation patterns possible for slot antennas. Parametric studies were
performed to determine structure parameters that are sensitive to
antenna performances. Two prototypes of the proposed antenna were
fabricated. One is for wide-band design, and the measurement shows
that it has an impedance BW of 3.8% for SWR < 2 and a 10-dB FBR.
The size of the ground plane is 0.84\g x 0.64)\g. For the large FBR
design, the antenna has a measured impedance BW of 1.83% and over
20-dB FBR. The size of the ground plane is 0.64\g x0.64\g. The height
of the rectangular conducting wall is only 0.128 \g for both prototypes.
Both antennas have a wide main beam and a medium gain.
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