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ABSTRACT A broadband compact antenna is proposed in this paper with an enhanced broadside gain
performances in the 4-/— z directions. A design method of complementary gains is presented to overcome
the gain reduction caused by the cancellation of reverse currents in the middle of the band of interest,
where a design equation of the excited element of the antenna is given. This objective is achieved by
accurately analyzing the resonant modes of the two parallel connected antennas of the excited element
in order to achieve an overall wideband radiator. An orthogonal radiating choke (ORC) is proposed to
remove the gain depression due to the leakage of electromagnetic waves toward the upper portion of the
band of interest through simultaneously enhancing the broadside gain and choking the end-fire travelling
wave. Each one patch of the ORC acting as both a TMj9 mode microstrip antenna and a choke of
end-fire travelling wave. With the help of the ORC, the gain in +/— z directions is enhanced by 13.1 dB
at 6 GHz compared to that without the ORC. The proposed antenna presents a realized broadside gain
of 2.1-7.8 dBi in the +/— z directions within a bandwidth of 158% (700 MHz — 6 GHz). Both the
simulated and measured results demonstrate that the proposed antenna exhibits desirable bandwidth and

gain characteristics and is a promising candidate for broadband integrated wireless systems.

INDEX TERMS Broadband, broadside, gain, bandwidth, leakage.

I. INTRODUCTION

ROADSIDE antennas are popular with various applica-

tions for wireless communications due to its low profile
and easy integration [1]-[3]. The current 5G NR (New
Radio) requires a band covering 700 MHz - 5 GHz (more
than 150% relative bandwidth), which imposes a new ultra-
wide bandwidth requirement for broadside antennas [4]-[6].
Since the antenna size varies significantly with frequency, it
is difficult to achieve stable broadside radiation in the wide
band of interest [7].

Two main factors affect the bandwidth of the broad-
side radiation, the first one is due to the driven element,
whereas the second is a consequence of the reflector [8].
By considering impedance matching and gain enhancement,

the maximum fractional bandwidth of a planar reflector is
generally 90%, where the distance of the reflector from the
radiating element goes from 1/8A to 1/3A. With the objec-
tive of excluding the influence of the reflector, this paper
focuses on the bandwidth of the excited element, such as an
omni-directional and bilateral broadside antenna. The broad-
side gain decrease generally comes from the cancellation of
reversed currents (CRC) (mainly at low frequencies) and the
leakage of electromagnetic waves (LEW) (mainly in the high
frequency band). The LEW is the presence of a travelling
wave, specifically a surface wave, that is degrading the radi-
ating performance. By relying on only one single type of
traditional classic antennas it is hard to achieve an effec-
tive gain characteristic in a broad band [9]-[11]. In order to
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FIGURE 1. (a) Front view of the BD. (b) Front view of the WBA. (c) Front view of the SWBA. (d) Oblique view of the SWBA. Simulated gains of (e) the BD, (f) the WBA, and (g) the

SWBA in the broadside (+/-z) and the end-fire (+/—y) directions.

limit the gain degradation due to the CRC, antennas with
hybrid modes have been developed [9]-[14]. The work in [9]
proposed a monopole-fed slot-loop hybrid antenna obtaining
a 4.0-5.3 dBi broadside gain within a 102.9% bandwidth,
where a loop mode, a slot mode, and a monopole mode work
in the lower band, in the middle band, and in the higher band,
respectively. An antenna consisting of a symmetrical dipole
and an antipodal loop was proposed in [14], which achieves
a —2-6 dBi peak gain in a 129% bandwidth. On the other
side of the band of interest, instead, to compensate for the
gain depression led by the LEW, a dipole with metasurface
containing index-gradient patches was proposed reaching a
2.1-7.3 dBi broadside gain within a 131% bandwidth [15].
The metasurface effectively suppresses the travelling wave.
However, the bandwidth is limited by the CRC, since the
length of the dipole at highest frequency is 3/2), where the
gain decreases to 0 dBi.

Compared with dipole antennas, a shorted wire biconical
antenna (SWBA), also denoted as a wideband high efficiency
electromagnetic structure (WHEMS), is able to achieve a
higher broadside gain of 6 dBi at the 3/2A resonant mode due
to the bending and the short circuit processes [16]. However,
in the lower side of the band, the antenna works at the A
resonant mode, where the dimension is large. Moreover, the
SWBA still has gain depression due to the CRC and the LEW.

An antenna, which is based on the combination of the
SWBA, the X-shape bowtie dipole (BD), and the patches,
with wideband broadside gain characteristics is proposed
in this paper to solve the problems led by the CRC and
the LEW. A design method of complementary gains will
be presented to enhance the gain degradation caused by
the CRC, where a design equation of the excited element
is given. An orthogonal radiating choke (ORC) is to be
proposed to fix the gain depression due to the LEW through
simultaneously enhancing the broadside gain and choking
the end-fire travelling wave.

Il. MODE ANALYSIS AND DESIGN OF THE EXCITED
ELEMENT

In this section, a design method of complementary gains is
applied for devising the excited element based on an accurate
mode analysis of three elementary radiators. Furthermore, a
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design equation of the excited element is provided for lowest
working frequency calculation and outline determination.

A. BASIC WORKING PRINCIPLES OF THE ELEMENTARY
RADIATORS

The proposed wideband antenna is achieved by combin-
ing appropriately more radiating elements such that a wider
band and high gain is obtained. The electromagnetic radi-
ating principles of three types of elementary antennas are
studied in this subsection to clearly explain how their
combination can effectively led to the target antenna per-
formances. Fig. 1(a)—(d) show the BD, the wire biconical
antenna (WBA), and the SWBA since their working prin-
ciples are relevant for achieving the final design. The three
antennas have a common taper slot that is guiding the
TEM principal mode of operation [17]. However, differ-
ences occur among them; the boundary conditions of the
BD and the WBA are both open circuited thus they resem-
ble more those of a dipole type of antenna, whereas the
boundary conditions of the SWBA is of short-circuit type.
The short-circuiting of the wire ends leads to two obvious
benefits:

1) The shorting arms increase the gain in the +/— z
directions at low frequency, where the currents on the arms
are in phase with those on the central part of the antenna.

2) The symmetrical short-circuit structure of the antenna
forms a voltage balun, which can reduce the common mode
currents caused by unbalanced feeding arrangements [18].

Fig. 1(e)—(g) show the gain performance of the three anten-
nas in the broadside (4+/— z) and the end-fire (4/— y)
directions from 0.6 to 6 GHz, where [p (A/2 at 0.70 GHz),
Ip (M2 at 0.78 GHz), and Iy (A at 0.95 GHz) are the length
of the BD, the length of the WBA, and the perimeter of
half of the SWBA slot, respectively. Below 1 GHz, the BD
achieves an omni-directional radiation, as demonstrated by
the similar values of the gain in the +/— y and +/— z direc-
tions. Beyond 1 GHz, the broadside gain and the end-fire
gain of the BD can be considered complementary within the
band of interest, with a +/— z gain depression at 3.4 GHz
caused by the CRC, since the BD is characterized by a 2A
type of resonant mode. A similar result is achieved by the
WBA being characterized by an omnidirectional radiation
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FIGURE 2. Ideal theoretical model of (a) WBA, and (b) SWBA. Current distributions
on the SWBA in modes of Iy of (c) A, (b) 21, and (d) 6). (e) Current distributions on the
BD, the SWBA, and the excited element when /p and Iy are 41 and 61, respectively.

at 0.6 GHz; a larger gain is obtained at around 1 GHz in
the 4+/— z direction, whereas the radiation in the +/— y
direction is predominant beyond 1.6 GHz. The SWBA radi-
ation goes mainly toward the +/—z direction within low
frequency bands at frequencies lower than 1.5 GHz, whereas
a stronger radiation in the +/— y direction is obtained at
frequencies larger than 3.2 GHz. From the results, it appears
very challenging to achieve a stable and effective gain in the
broadside directions (4/— z) over a bandwidth larger than
150%. Moreover, the SWBA is the most effective radiator in
the broadside direction below 5 GHz, compared to the BD
and the WBA. Therefore, the SWBA can be combined with
other antennas to achieve a broadband broadside antenna.

B. DESIGN OF EXCITED ELEMENT
1) MODE ANALYSIS OF EXCITED ELEMENT

In order to design a broadband active radiating element, the
mode analysis of the SWBA is performed herein, and it is
combined with the analysis of the radiating features sum-
marized in Section II-A. Fig. 2(a)-(b) show ideal theoretical
models of the WBA and the SWBA. The current distributions
of the WBA are given in (1),
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and the current distributions of the SWBA are presented
as (2),
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Based on (1) and (2), Fig. 2(c)—(e) show the current distri-
butions of the SWBA corresponding to different resonating
modes. When [l = 1A, the currents on the shorting edges
are in-phase with that of the taper slot edges thus providing
an effective +/— z radiation. Along this broadside direc-
tion the gain will be about 3 dB higher than that of the BD
and the WBA counterparts. When lyy = 21, the CRC impacts
the broadside gain, leading to its reduction as demonstrated
by the results in Fig. 1(g) when the frequency is larger
than 1.5 GHz. When [y = 6A, the antenna is essentially a
travelling wave type of structure that radiates more effec-
tively toward the 4 /— y directions, thus, the broadside gain
is largely degraded by the LEW. From the analysis above
some conclusions can be drawn in order to appropriately
design the SWBA.

1) The broadside gain of the SWBA is about 3 dB higher
than that of the common omni-directional antenna at
low frequencies (less than 1.3 GHz); such advan-
tageous behavior should be maintained in the final
antenna design.

2) In the intermediate frequency band (1.3 - 5 GHz), the
gain decreases at specific bands due to the CRC.

3) At high frequencies (larger than 5 GHz), the SWBA is
a travelling wave structure with the travelling TEM
wave within the taper slot propagating and radiating
to the end-fire directions. The LEW leads to the gain
decrease in the 4+/— z direction.

2) COMPLEMENTARY GAINS DESIGN

The design process of the complementary gains of the excited
element is given as follows.

1) Determine the lowest frequency of the band of
interest f7.

2) Let the lowest working frequency of BD cover f1. Ip
is determined.

3) Obtain the lowest frequency fpp min_r of the minimal
gain of the BD.
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FIGURE 3. Configuration of the proposed antenna. (a) Font view. (b) Global perspective view. (c) Partial perspective view. (d) Radiating patches of P1 and P3. (e) Explosion

view. (f) Excited element.

4) Make one of th maximum gain points of the
SWBA working at fgp min_r. The selection of the
maximum gain point should take into account the gain
and impedance characteristics in the broadband. [y is
determined.

5) Parallel connect the BD and the SWBA.

From Fig. 1(e)—(g), the broadside gains of the BD and
the SWBA are complementary in the wide band of interest.
Thus, the problem of the gain reduction caused by the CRC
within the intermediate band can be solved by connecting
in parallel the BD and the SWBA. To determine the length
of the two radiators, /p and [y, respectively, the results in
Fig. 1(e)—(g) are considered, and the value of 3.4 GHz is
identified where the BD obtains a gain minimum whereas
the SWBD achieves a gain maximum. /p is A/2 at 0.70 GHz,
and ly is A at 0.95 GHz. Thus, based on the geometry of
the preliminary designs in Section II-A, a general design
guideline can be derived according to (3):

by [lp = 1.47. 3)

When (3) is satisfied, the BD and the SWBA have a
complementary gain below 5 GHz. In addition, by introducing
the BD, the excited element can operate at lower frequencies
compared to the SWBA, thus leading to a bandwidth expansion
to the low frequency range of the band of interest. Let Ay, and
Am be the wavelength of the lowest and highest frequency of
the expanded bandwidth, respectively. When the SWBA is
in the lowest resonant mode, Iy is A, while [p is calculated
0.68A using (3). Thus, Ay is 1.471p. When the BD is working
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in the lowest resonant mode, Ip is A/2. Thus, Ay is 2Ip. The
fractional bandwidth can be calculated through

AL — Ag
A+ A’

where BW is the expanded bandwidth [7]. Bringing Az and
Ag into (4), the BW is calculated as 30%, where compared
with the initial SWBA, the paralleling process will expand
at least an extra 30% bandwidth toward the low frequency
range of the band of interest. The actual obtained BW is larger
than 30% because Ip is generally less than A/2 when BD is
working in the lowest resonant mode. The current distribution
after applying the parallel connection of the SWBA and the
X-shape BD is shown in Fig. 2(f), where region R is removed
to reduce the gain degradation caused by the reversed currents
toward the upper limit of the band of interest.

Basically, the broadside gain in the broadband (below
5 GHz) has been enhanced, and the impedance bandwidth
has been extended to lower frequencies. However, the low
value of the gain at high frequency (6 GHz) due to the
LEW remains a limitation. This will be solved by the ORC,
which not only suppresses the LEW but also increases the
broadside gain.

BW =2 “)

lll. CONFIGURATION AND OPERATING MECHANISM

A. ANTENNA CONFIGURATION

The configuration of the proposed antenna is illustrated in
Fig. 3, where L; = 24.6 mm, L, = 31.9 mm, W = 26.7 mm,
and Wo = 26.6 mm. The antenna consists of a F4B
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(e, = 2.65, § = 0.001) substrate layer (Sub2) and two FR4
(e = 4.4, 5 = 0.01) substrate layers (Subl and Sub3) high-
lighted in Fig. 3(e). The excited element developed in
Section II is etched on the upper side of Sub 2 (thickness of
2 mm). As shown in the figure, to form the ORC, the four
patches (P1, Py, P3 and, P4) are etched on Subl and Sub3
(thicknesses of 1 mm), where P; and P3 are right above P,
and P4. Considering both the impedance matching and the
ORC performance, the distances between the patches and
the excited element are set 9 mm, leading to the distances
of Subl-to-Sub2 and Sub2-to-Sub3 of 9 mm and 7 mm,
respectively.

Shown in Fig. 3(a), N and N1 are two symmetric points
on the metal edges along the taper slot, where the currents
are denoted as J; and J,. When the antenna is balanced
fed, J1 and J, are equal in amplitude and opposite in phase.
J1 and J, can be decomposed into Jic and Jigq, and Jo¢
and Jyg, respectively. Ji. and Jp. are common mode (CM)
currents contributing to the radiation, whereas Jig and Jag
are differential mode (DM) currents driving the propaga-
tion of the TEM wave within the taper slot, which is the
operating mechanism of the antenna in the high frequency
leakage mode.

B. DESIGN AND WORKING MECHANISM OF ORC

The ORC that can simultaneously enhance the broadside
gain and choke the end-fire travelling wave is introduced
to solve the gain depression at 6 GHz due to the LEW. In
the ORC, each patch, which simultaneously functions as a
broadside radiator and an end-fire choke, can be divided into
two areas, i.e., A; and B; for P; shown in Fig. 3(d). A;
and A are placed above and below the active element along
the first portion of the taper slot. The same occurs for the
symmetric patches Pz and P4. The area A acts as TM o mode
resonating patch antenna at 6 GHz enhancing the broadside
(+/— z) radiation. The area B of the two patches P; and
P, works as a choke for the LEW within the taper slot, thus
suppressing the end-fire (4/— y) radiation. The function of
ORC is realized through designing of the patches and the
slot on the ground, where the ground is also the excited
element.

1) RADIATING PART OF ORC

The patch area A has a relatively complete ground, where
the width of the slot is shorter than the edge of the patch
(L1). The patch area A can be designed as a patch antenna
with the slot acting as the source. Its TM( operating mode
improves the broadside radiation compared to higher order
modes of the patch being characterized by strong sidelobes
[19]-[21]. The resonant frequency of the area A working at
the TM o resonant mode can be easily expressed as

f:

Vo
2L./e,
following the cavity analysis method of patch antennas [22],
where v is the speed of light and ¢, = 1 is the free space

&)
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FIGURE 5. E-field distributions on D-D1 plane at 6 GHz. (a) Without patches. (b) With
patches.

permittivity due to the air between the patches and the active
element. Eq. (5) holds when the walls along the perimeter
of the patch can be recognized as “magnetic wall” short-
circuiting the TM wave, such as H, = 0 in the O1-Q1-Q2-
P2 plane in Fig. 3(c). By considering the polarization and
the currents distribution of the excited element, the planes
01-Q1-Q2-P2, S1-R1-R2-52, 03-Q3-Q4-P4, and S3-R3-R4-
S4 satisfy the condition of the “magnetic wall”. Thus, by
applying (5) based on f = 6 GHz, the size of the patch area
A 1is evaluated as L; = 24.6 mm according to Fig. 3(d).
Fig. 4 shows the E-field distributions at 6 GHz on the C-
C1 cut plane and on the O1-O2-S2-S1 plane defined in
Fig. 3(a) and Fig. 3(c), respectively. From the figure it is
evident that the patch is resonating following the E-field
pattern of the TMj( resonant mode, as expected.

2) CHOKING PART OF ORC

The area B of the patch has no complete ground directly
beneath, thus it cannot act as a resonant radiating structure.
The patch works as a waveguide for the LEW together with
the edges of the slot. Fig. 5 shows the E-field distributions
on the D-D1 cut plane at 6 GHz in two cases, with and
without the patches. As mentioned above, the propagation
of the TEM wave is driven by the differential currents Jiq
and Joq, through which the currents J1q1, J142, J2d1, and J242
are induced on the edges of the patches as shown in Fig. 5(b).
In region S-I, J14; and Jyq> are currents flowing in opposite
direction with respect to Jig. A waveguide is formed by
J1d, J1d1, and Jig2. A similar current configuration occurs
in region S-III, where a waveguide is formed by Jiq, Jod1,
and Jogz. In region S-II, the E-field induced by J1q and Jogq
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FIGURE 6. Simulated current distributions of the antenna at 6 GHz.

on the patches satisfy the condition in (6)

AxE =0, (6)

where the tangential components of E~ are “shorted out”.
The normal components of E— generated by Jiq and
Jog are out-of-phase leading to a E-field depression on
the patches. In the vicinity of the patches of region S-II,
the E-field generated by Jiq is cancelled by that gener-
ated by Jiq1 and Ji1gp, similarly to what happens for the
case of Jogq, Jag1, and Jpgp currents. Thus, the taper slot
is turned from the initial TEM waveguide into the two
waveguides in regions S-I and S-III. The waves propagate
through the two waveguides up to the end of the patches,
where the waveguides are open circuited. Therefore, the
travelling wave in the taper slot are suppressed by the
patches.

IV. SIMULATION DISCUSSIONS
Fig. 6 shows the simulated currents on the proposed antenna
at 6 GHz. The currents J,, (n = 1, 2, 3, 4) in region A com-
ply with that of the microstrip patch acting as a TM 9 mode
resonator, which again proves the intended operating mode
of the added patch A. The direction of the currents Jy4:,
(n=1,2,3,4, m =1, 2) is the same as the corresponding
currents J p4, since they both flows along the y-axis, whereas
Juam 1s opposite with respect to J,,4. The patch in region B,
contributes more to the wave guided in the 4+/— y directions
and less to the radiation along the 4/— z directions. The
E-field distributions on the L-L1 cut-plane at 6 GHz with
and without patches are shown in Fig. 7(a). From the figure,
it is shown how the patches enhance the broadside radiation
while decreasing the end-fire radiation. Fig. 7(b) shows the
H-plane (L-L1 plane) patterns at 6 GHz in the cases without
and with patches. The presence of the patches enhances the
gain in the +/— z directions by 13.1 dB, whereas the gain
in +/— y directions decreases by 4.5 dB. This validates the
advantage of the ORC.

Fig. 8 shows the ISyl results of the proposed antenna,
of the excited element, of the X-shape BD, and of the
SWBA. From the figure, the half-wavelength resonance of
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FIGURE 7. (a) E-field distributions on H-plane (L-L1 plane) at 6 GHz in cases of
without with patches; (b) H-plane (L-L1 plane) patterns at 6 GHz in cases of without
and with patches.
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FIGURE 8. The simulated IS44| of the proposed antenna, the excited element, the
X-shape BD, and the SWBA.

the X shape BD is about 700 MHz. The one wavelength
SWBA operates at 0.98 GHz, below which frequency the
SWBA is mismatched due to the low radiation resistance.
Compared with the SWBA, the active element achieves a
better impedance matching performance at 0.7 GHz due to
the introduction of X-shape BD. The matching characteris-
tic of the proposed antenna within the 0.7-0.98 GHz band
is further improved by introducing the patches since they
help decreasing the quality factor of the resonance. At high
frequencies, the patches bring a capacitive load to the input
impedance that improves the matching performance.

The broadside gain curves of the proposed antenna, of the
excited element, of the X-shape BD, and of the SWBA are
shown in Fig. 9. The X-shape BD is characterized by a gain
notch occurring within 3-3.4 GHz due to the gain cancella-
tion by the reverse currents. A good complementary property
is shown in the broadband gains of the SWBA and the BD, as
already analyzed in Section II. The excited element has a gain
depression near 6 GHz. However, with the introduction of the
patch, the gain is enhanced by the slot-fed patch. Finally, the
proposed antenna obtains a gain of 3-8 dBi over the entire
working band realizing a 158% effective bandwidth, calcu-
lated from 700 MHz to 6 GHz, in the broadside radiation
direction.
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FIGURE 9. The simulated gains of the proposed antenna, the excited element, the
X-shape BD, and the SWBA.
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FIGURE 10. The photos of the prototype of the proposed antenna.

V. RESULTS AND DISCUSSION

Fig. 10 shows photographs of the prototype of the proposed
antenna. The antenna mainly consists of three parts, the
radiating element, the patch, and the input coaxial wire. The
three parts are connected together by nylon screws, nylon
studs and nylon nuts.

Fig. 11 shows the simulated and measured [S1il results.
Within a band from 730 MHz to 6 GHz (156.6% fractional
bandwidth), the simulated ISyl is less than —10 dB. The
return loss is slightly worse from 700 MHz to 730 MHz
where the simulated |1S;;! is lower than —8.9 dB. The trend
of simulation curve is consistent with that of measured
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FIGURE 11. The measured and simulated results of 1S11.

—a— Sim. Peak
—v— Mea. Peak

—a—Sim. +/-z
—e— Mea. t/-z

Gain (dBi)
r .9 =

N
1

0 T T T T T
0 1 2 3 4 5
Frequency (GHz)

FIGURE 12. The measured and simulated peak gain and gain in the direction of
+/-z.

curve. The measured results are higher than —10 dB in
some frequencies. The worst measured IS1{l is obtained at
around 700 MHz where the IS;;| reaches —7.8 dB.

The simulated and measured peak gain and gain in the
+/— z directions are shown in Fig. 12. The simulated and
measured gains are 3.4-9.9 dBi and 2.1-7.8 dBi, respec-
tively, whereas the simulated and measured peak gains are
3.4-9.9 dBi and 2.5-8.2 dBi, respectively in the whole band.
Fig. 13 show the simulated and measured radiating effi-
ciency. The simulated efficiency does not include return loss
of the antenna and the contribution of the common mode
current. The measured efficiency is 62%-100%. The dis-
crepancies between the simulated and measured results are
caused by the return loss, the errors in fabrications, com-
mon mode current contributions, and the uncertainties in
measurements.

Fig. 14 shows the simulated and measured radiation pat-
tern results on the E-plane and H-plane at 700 MHz, 2 GHz,
and 6 GHz. Although good agreement is obtained, there are
some differences. The discrepancies between the simulated
and the measured results come from the manufacturing and
assembly processes, and from the effect of common mode
currents on flowing the outer shield of the coaxial line. As
is seen in the Figure, the patterns are not in a stable shape
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FIGURE 13. The measured and simulated radiating efficiency.

TABLE 1. Units for magnetic properties.

. . 3 Peak gain +/- z gain
Ref. BW Dimension (AL%) (dBi) (dBi)
[2] 96%  0.397*%0.096*0.015 1.8~3.7 1.8-3.7
[3] 110%  0.935*0.935*%0.008 1.9~5.1 1.9-5.1
[9] 103%  0.348%0.273*0.006 4.0~5.3 4.0-53
[10] 58%  0.339*%0.254*0.001 2.3~6.3 2.3-6.3
[11] 118%  0.374*0.168*0.07 0.5~6.2 -2.2-49
[14] 129%  0.298%0.293*0.009 -2.0~-6.0 NA
[15] 131%  1.110*0.389*0.006 2.1~7.3 2.1~7.3
proposed  158%  0.435*0.329%0.044 2.5~8.2 2.1-7.8
Sim. Co-pol Sim. X-pol  +z : Theta=0deg
— —Mea. Co-pol — — Mea. X-pol -z: Theta=180deg
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FIGURE 14. The simulated and measured pattern results of E-plane and H-plane at
700 MHz, 2 GHz, and 6 GHz.

over the operating bandwidth. This is due to the current
distributions vary greatly in such a wide band. The problem
deserves further research.

Table 1 shows the comparison of the proposed antenna
with other antennas designed for similar applications and
based on similar requirements. The proposed antenna
shows an advantage in terms of bandwidth of the
effective gain in the broadside +/— z directions over
the others.
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VI. CONCLUSION

A compact broadband antenna is proposed in this paper,
which is able to achieve a larger than 2 dBi broadside gain in
the +/— z directions over a 158% fractional bandwidth from
700 MHz to 6 GHz. The performances are obtained through
solving the gain degradations caused by the CRC and the
LEW. To deal with the CRC, a concept of complementary
gains is proposed and implemented through accurately ana-
lyzing the resonant modes of the two paralleling antennas of
the SWBA and the X-shape BD, where a design equation is
given determining the relationship between the slot size and
the dimension of the metal outline. The ORC is presented to
solve the gain depression due to the LEW through simultane-
ously enhancing the broadside gain and choking the end-fire
travelling wave. In the ORC, each one patch acts as both
the TM 9 mode microstrip antenna in the broadside and the
choke of the end-fire travelling wave. With the help of the
ORC, the gain in 4+/— z directions is enhanced by 13.1 dB
at 6 GHz compared to that without the ORC, thus further
increasing the operating band at high frequencies. Finally, a
measured peak gain of 2.5-8.2 dBi and a measured gain of
2.1-7.8 dBi in 4/— z directions are achieved in the band-
width of 700 MHz — 6 GHz (158%). Both the concepts of
the complementary gains and the ORC and the insight of the
problems, which are the CRC and the LEW, in realizing an
effective wideband broadside radiating performance may be
enlightened for the future designs of broadside antennas to
realize wider bandwidth. The proposed antenna is believed a
potential solution for various wideband broadside radiating
applications.
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