L

l,

' 4

eview.

rossed dipole antennas have been
widely developed for current and
future wireless communication sys-
tems. They can generate isotropic,
idirectional, dual-polarized (DP), and
larly polarized (CP) radiation. More-
, by incorporating a variety of primary
ation elements, they are suitable for
le-band, multiband, and wideband oper-
s. This article presents a review of the
gns, characteristics, and applications
rossed dipole antennas along with the
nt developments of single-feed CP con-
rations. The considerations of profile
iaturization, radiation pattern control,
dwidth enhancement, and multiband
ation are emphasized.
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THE HISTORY OF CROSSED

DIPOLE ANTENNAS

The crossed dipole is a common type of mod-
ern antenna with an radio frequency (RF)-
to millimeter-wave frequency range. The
crossed dipole antenna has a fairly rich and
interesting history that started in the 1930s.
The first crossed dipole antenna was devel-
oped under the name “turnstile antenna”
by Brown [1]. In the 1940s, “superturnstile”
antennas [2]-[4] were developed for a broader
impedance bandwidth in comparison with
the original design. In 1961, a new type of
crossed dipole antenna, which used a single
feed, was developed for CP radiation [52].
In the 2000s, the crossed dipoles began to
be fed by two separate ports with the requi-
site 90° phase difference between them to
generate DP radiation [30]-[51]. Today, this
antenna type is used in many wireless com-
munication systems, including broadcasting
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The crossed dipole

IS @a common type of
modern antenna with an
RF- to millimeter-wave
frequency range.

services [1]—[14], satellite communications [26]-[29], mobile com-
munications [30]-[51], global navigation satellite systems (GNSS)
[17], [68]-[71], [74]-[79], RF identification (RFID) [65], [66], [73],
wireless power transmission [15], wireless local area networks
(WLANS) [80], wireless personal area networks [14], and world-
wide interoperability for microwave access (WiMAX) [81].

The first crossed dipole antenna was developed with an
emphasis as a new ultrahigh frequency (UHF) radiating sys-
tem that economized energy by concentrating it in the hori-
zontal plane equally in all directions [1]. A single element of
this turnstile antenna is the basic design of the crossed dipole,
which consists of a set of two half-wavelength dipoles aligned
at right angles to each other with currents of equal magnitude
that are in-phase quadrature. Since then, alternative modi-
fications of the traditional turnstile antenna have achieved a
broader impedance bandwidth, profile miniaturization, and
ease of manufacturing [2]-[15]. Along with the development of
wireless communications, many applications require antennas
that radiate a unidirectional pattern with a significant front-to-
back ratio to ensure high security and efficiency in the propa-
gation channels. Accordingly, the crossed dipole is generally
equipped with a reflector to generate a desired unidirectional
pattern with circular polarization [16]-[29] or dual polariza-
tion [30]-[51]. Most of the above-mentioned antennas require
a dual-feed structure that generally complicates the antenna
design and fabrication. Bolster [52] demonstrated theoretically
and experimentally that single-feed crossed dipoles connected
in parallel could generate CP radiation, if the lengths of the
dipoles were such that the real parts of their input admittances
were equal and the phase angles of their input admittances
differed by 90°. Based on these conditions, numerous single-
feed CP crossed dipole antennas [53]-[81] have been reported.
With the rapid development of today’s wireless communication
markets, higher demands have been raised for the antenna
design, including compact sizes; high efficiencies; broad band-
widths; multiple bands; specific radiation profiles; ease of fab-
rication and integration; and low costs. A number of alternative
engineering approaches have been used to tailor the crossed
dipole antenna design to address these issues.

In the eight decades since the first crossed dipole was pro-
posed, there has been a vast amount of literature on crossed

dipole antennas. However, there is still no review article or book
that discusses all types of these antennas. In this article, the
design, characteristics, and applications of crossed dipole anten-
nas are reviewed. The theoretical developments for crossed
dipole antennas have been essentially completed; consequently,
this review will emphasize antenna application-oriented contri-
butions. The crossed dipole antenna types are roughly divided
into four different classes based on their feeding structures and
radiation characteristics.

ISOTROPICAND OMNIDIRECTIONAL

CROSSED DIPOLE ANTENNAS

Broadcasting most frequently refers to the transmission of infor-
mation and entertainment programming from various sources
to the general public. Commercial broadcasting began in the
1920s for audio services and in the 1950s for television. Anten-
nas for broadcasting transmitters are usually located in the heart
of a city and require radiating an equal signal in all directions
in the horizontal plane. Among the antenna designs for broad-
cast purposes, the “turnstile” antenna was one of the first [1].
With the development of broadcasting services, different types
of broadcasting antennas have been developed for broadening
bandwidth, higher gain, and polarization control, as well as ease
of installation. These designs are reviewed in this section.

A UHF antenna was developed in [1] with the purpose to
embody the features of circularly symmetrical radiation with
increased horizontal directivity into a sturdy structure, possibly
supported by a single mast. The turnstile antenna was finally
constructed and fulfilled these conditions. Figure 1(a) shows the
basic geometry of a single turnstile antenna. It consists of a set of
two half-wavelength dipoles aligned at right angles with respect
to each other; the currents on the dipoles have equal magnitude
and are in-phase quadrature. Consequently, the turnstile antenna
is often referred to as a crossed dipole antenna. It has a near-
isotropic radiation pattern [Figure 1(b)], i.e., it is linearly polarized
with a circularly symmetrical profile in the horizontal plane (x—y
plane) and CP radiation in the £z directions; the front side radi-
ates left-hand circular polarization (LHCP), while the back side
radiates righthand circular polarization (RHCP). A double turn-
stile in free space with a vertical separation of 0.25 A, as shown
in Figure 2(a), generates an isotropic radiation pattern [16]. This
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behavior is attributed to the two dipoles of each turnstile realiz-
ing an omnidirectional pattern in the horizontal plane, while the
two turnstiles being separated by a quarter-wavelength leads to
uniform radiation in the vertical plane. As shown in Figure 2(b),
the double turnstile provides a broadened radiation pattern with
respect to that of the single turnstile [Figure 1(b)]. Moreover, a
0-dBi gain is maintained over almost all directions in the entire
three-dimensional (3-D) space. To further increase the horizontal
signal strength and maintain the shape of the horizontal pattern,
more elements are placed in a vertical array [1].

Based on the conventional turnstile design, several modi-
fications, such as the pretuned turnstile [2], cloverleaf [3], and
batwing [4] shapes, have been developed to produce wider
impedance bandwidths. In particular, the batwing antennas
yielded better performance in comparison with the others and
had a broader bandwidth, lower profile, easier adjustment of
matching conditions, and easier polarization control. Due to these
features, batwing radiators, which are often called superturnstile
antennas, have been installed in most broadcasting systems [4]-
[9], while the other designs have been almost entirely phased out.

Figure 3(a) shows the normal configuration of the batwing
radiator with four wings placed around a central metal mast.
Each wing connects to the mast at its top and bottom with a
metal-to-metal connector. The inner vertical rod and the sup-

port mast form a two-line slot fed by a metal jumper located at
the center of each wing. The matching condition is obtained by
changing the shape of the jumper and by changing the distance
between the support mast and the antenna elements. To produce
an omnidirectional pattern in the horizontal plane, a feed power
divider located inside the mast properly phases the inputs for CP
performance (0°, 90°, 180°, and 270°). A single batwing antenna
normally provides a fractional bandwidth of approximately 50%
and is ideally suited when low to medium gain is required. With
a proper arrangement of their radiators, surperturnstile antennas
can be used for either horizontal [4] or vertical polarization [5].
An omnidirectional gain up to 10 dBi can be achieved with
a multiple bay antenna constructed on a single modular mast
[7]. For instance, as shown in Figure 3(b), a superturnstile tele-
vision broadcasting antenna contains four bays mounted on a
single mast. An opposing pair of wings functions as a dipole,
with each pair of crossed dipoles fed 90° out of phase to create
an omnidirectional radiation pattern. The vertical collinear stack
of batwings increases the gain of the antenna, concentrating the
radiation in the horizontal direction, so that only a little power is
radiated toward the sky or the ground. Two or more elements,
each covering a different frequency band, have been mounted on
a single mast to effectively span a much wider range of frequen-
cies. By combining the horizontally polarized and the vertically
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FIGURE 1. A turnstile antenna. (a) The 3-D view and (b) its vertical-plane pattern (c) and horizontal-plane pattern at the

resonant frequency [1].
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FIGURE 2. A double-turnstile antenna in free space. (a) The 3-D view and (b) its radiation pattern at the resonant frequency [16].
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FIGURE 3. A batwing antenna. (a) The normal configuration
[4] and (b) a superturnstile television broadcasting antenna at
the Muehlacker television transmitter, Muehlacker, Germany.
[Source: Figure 3(b) is from Wikipedia, the free encyclopedia.
https://en.wikipedia.org/wiki/Batwing_antenna.]

polarized batwing antennas, a CP omnidirectional antenna was
constructed for high-power broadcasting transmitters [S]-[11].
Recently, several types of modified batwing antennas [12] have

been developed to enhance the performance in impedance
bandwidth, gain, and profile miniaturization. These antennas
employed an unbalanced feed-line type and a parallel coupling
type for better performance.

Each turnstile element generally requires a dual feed or a
sequentially rotated feed, and consequently, the feeding net-
work of a superturnstile with multibays requires several phase
delay lines and power combiner/splitters. Cost and the difficulty
of manufacturing the feeding structures are the main challenges
of antenna designs for broadcasting transmitters. To reduce the
cost of construction, antennas for different systems are gener-
ally mounted on a single mast. Therefore, the mutual coupling
between the antennas needs to be considered. In addition, some
new types of turnstile antennas have been considered to pro-
duce an isotropic radiation pattern with a single feed [13], [14],
or CP radiation with an electrically small size [15].

UNIDIRECTIONAL CIRCULARLY POLARIZED

CROSSED DIPOLE ANTENNAS

As noted, a conventional crossed dipole [Figure 1(a)] is used
to produce CP radiation in the +z direction. To generate
unidirectional CP radiation, the crossed dipoles are gener-
ally placed on a perfect electric conductor (PEC) reflector, as
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shown in Figure 4. The presence of the PEC surface redirects
one-half of the radiation into the opposite direction, improving
the antenna gain by approximately 3 dB and partially shielding
objects on the other side. This is observed in Figure 5, which
shows the 3-D radiation patterns of the ideal crossed dipole [16]
at its resonance in free space and above a finite square PEC
surface. This antenna has a resonant frequency of 3 GHz and
was characterized by using the ANSYS-Ansoft high-frequency
structure simulator (HFSS). In free space, the crossed dipole
radiates a quasi-isotropic radiation pattern with a maximum
gain of 2.5 dBi and a minimum gain of -2 dBi [Figure 5(a)]. For
the PEC reflector case with the distance of separation between
the antennas and the ground plane being H = 0.25 A, the
antenna radiates a broadside radiation pattern with a gain of 7.7
dBi and a front-to-back ratio of 13 dB. If the antenna is too close
to the PEC surface, the image currents cancel the currents in
the antenna, resulting in poor radiation efficiency. This problem
is addressed typically by including a quarter-wavelength space
between the radiating elements and the reflector for optimal
antenna characteristics. For profile miniaturization, the crossed
dipole can be backed by an artificial magnetic conductor (AMC)
surface [17]. The AMC surface provides the desired broadside
radiation pattern and allows the placement of the antenna
in close proximity to it with good impedance matching. The
characteristics of the crossed dipole on an AMC surface will be
discussed in the next section.

Several other combinations have been considered to achieve
unidirectional radiation patterns. For instance, a log-periodic
crossed dipole antenna [18], [19] and a Yagi-Uda turnstile anten-
na [20] were successfully constructed and tested. These anten-
nas have been widely applied to satellite communications [16],
GNSS [17], electromagnetic interference measurements [18],
and coherent electromagnetic radio tomography [20].

For broadband applications, the straight half-wavelength
dipole is generally replaced by modified radiators that have
wider bandwidth responses [21]-[29]. These designs also
require a wideband dual feed that delivers equal amplitudes to
the radiators with a 90° phase difference between them to gen-
erate the desired CP radiation. Excitation can be accomplished
by employing a feeding network, such as a turnstile network
[22], Wilkinson power divider [24], microstrip line to double-
slot line transmission [25], T-junction power divider [26]-[28],
or Wilkinson power divider with two stubs [29]. Most of these
structures generally contain a 1-to-2 power combiner/splitter
and quarter-wavelength phasing,

Antennas for some applications need to have specific radia-
tion characteristics, e.g., specific directivity, beamwidth, and
front-to-back ratio values. For instance, the antenna for televi-
sion broadcast services [21] is required to have a half-power
beamwidth (HHPBW) of 120° and 90° in three and four element
array configurations, respectively. However, the radiation pat-
terns of a crossed dipole antenna equipped with a planar PEC
reflector are normally insufficient to meet these requirements.

To circumvent this problem, several techniques have been
employed to improve their radiation characteristics, including
gain, front-to-back ratio, beamwidths, and axial ratio (AR). The
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integration of a cavity-backed reflector with the crossed dipole
antenna is a popular technique that achieves a unidirectional
behavior while providing higher gain and easy pattern control.
As an example, Figure 6 shows the geometry of a wideband,
high-gain antenna that is a composite cavity-backed crossed
bowtie system [25]. The antenna yielded an impedance match-
ing bandwidth of over 57% with a voltage standing wave ratio
(VSWR) <2, a 3-dB AR bandwidth of 39%, a broadside gain
of 8-10.7 dBi, and a symmetrical radiation pattern over the
entire operating-bandwidth range. Other techniques, such as a
shorted bowtie [24], droopy dipole [22], [23], narrow patch con-
nection [28], and vertical top-hat [29], have been implemented
as the primary radiation elements to achieve a wider 3-dB AR
beamwidth and a higher gain. These broadband CP crossed
dipole antennas have been widely applied to television broad-
cast services, global positioning systems (GPS), and Interna-
tional Maritime Satellite Organization communications.
Similar to the antennas described in the “Isotropic and
Omnidirectional Crossed Dipole Antennas” section, the dual
feed of these crossed dipole antennas requires equal magnitude
and a 90° phase difference, which complicates the antenna’s
design and manufacture. Single-feed CP crossed dipole antennas
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FIGURE 4. (a) A crossed dipole antenna above a finite square
PEC surface. (b) The 3-D radiation pattern at the resonant
frequency [16].



were developed in an effort to solve this problem. These anten-
nas will be discussed in the “Single-Feed Circularly Polarized
Crossed Dipoles” section. Nonetheless, the considerations of
miniaturization, wideband operation, multiband operation, as
well as the radiation pattern control, will continue to be inves-
tigated for these types of antennas. In particular, the dual-feed
crossed dipole antennas on AMC (e.g,, [17]), which exhibit prom-
ising characteristics of low-profile and broad bandwidth, could
be an important direction for future research.

DP CROSSED DIPOLE ANTENNAS

With the development of mobile communication systems, DP
antennas have been widely used to combat multipath fading and
to improve the overall communication capabilities and quality.
Compared with space diversity approaches, the DP antenna is
able to reduce the installation space in a base station. Neverthe-
less, the ideal base station antenna should have broadband per-
formance, high isolation, high front-to-back ratio, low cost, easy
assembly, and the required appropriate beamwidth for the cell
sector design. The basic crossed dipole antenna is easily modi-
fied to meet these requirements for a base station antenna.

To generate DP radiation, the two antennas are fed by two
separate ports with the requisite 90° phase difference between
them. Broadband performance is achieved by using pairs of
wideband radiators. Examples include folded dipoles [30], [31],
fractal-like elements [32], magnetoelectric dipoles [33]-[36],
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FIGURE 5. The 3-D radiation patterns of the turnstile antenna
at its resonance for different configurations: (a) in free space
and (b) above a finite square PEC surface.
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modified bowties [37]-[49], and square-loop shape arm dipoles
[50], [51]. These antennas are normally integrated with planar
metallic reflectors to achieve a high front-to-back ratio. The
reflector shape is engineered to create the radiation patterns
that will satisfy the design requirements. Different feeding
structures, including I'-shape [34], dielectric loading [35], dif-
ferentially driven [36], integrated balun [38], and shorting metal
posts [41], have been used for high isolation between the two
ports. These various DP crossed dipole antenna designs have
also accomplished other system goals, such as low profile, band-
width improvement, and radiation pattern control.

As shown in Figure 7, the broadband DP antenna proposed
in [51] is composed of a radiator, a dielectric post, and a metal-
lic reflector. The radiator consists of two orthogonally oriented
dipoles that have square-loop-shaped arms. The antenna is
excited by two I'shaped feeds that are embedded inside the
dielectric post. The shape of the metallic reflector is engineered
to control different aspects of the patterns, such as the beam-
width, cross polarization, radiation stability, and front-to-back
ratio. The prototype reported in [51] has an impedance band-
width of more than 57% with a VSWR <1.5 and a port-to-port
isolation >31 dB. The peak gain of the antenna is about 8.8 dBi
and varies only by £0.3 dBi across the working frequency range.
The antenna can be used as the elements in an array that is
employed in base stations for wireless communications.

Most of the older DP crossed dipole antennas are equipped
with metallic reflectors. As a result, their profiles are relatively
large. To achieve a low profile, the metallic reflectors can be
replaced by a high impedance surface (HIS) [49]. However,
the design of HIS-based DP antennas faces a key challenge:
improving the bandwidth for the HIS structure. Many wireless
communication systems use multiple frequency bands simulta-
neously. Consequently, multiband DP antennas (e.g., [47]) need
further consideration.

SINGLE-FEED CIRCULARLY POLARIZED CROSSED DIPOLES
As mentioned previously, a straightforward way to generate CP
radiation is to utilize two orthogonally crossed dipoles excited by

Top Layer

Bottom Layer

FIGURE 6. A crossed bowtie dipole antenna backed by a
cavity [25].
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two sources with equal magnitude and a 90° phase difference.
The excitation can be accomplished by a feeding network with a
1-to-2 power combiner/splitter and a quarter-wavelength phase
shifter. This approach is attractive for a broadband CP antenna,
but generally complicates the antenna design and fabrication.
Another method to obtain a CP wave was shown in [52]. It uses
two orthogonal dipoles excited in parallel by a common gen-
erator, but without any matching network. The required power
and phase relationships are obtained by properly choosing the
lengths of the two dipoles. Based on this approach, a variety of
single-feed CP crossed dipole antennas have been developed for
different applications. Recent developments with these designs
are examined in this section.

CONDITIONS FOR CP RADIATION

The conditions to obtain CP radiation from two orthogonal
dipoles with a single feed were detailed in [52]. These conditions
are reviewed briefly here. Figure 8(a) shows the two orthogonal
cylindrical dipoles fed in parallel and a representative equiva-
lent circuit. Assume that their lengths are much greater than
their radii and that each dipole is placed in the neutral (or zero)
potential plane of the other dipole to establish negligible mutual
coupling between the two dipoles. To generate a CP wave, the
antenna must have equal power input to each dipole and a 90°
phase difference between their input currents. This is equiva-

lent to having
Gx =Gy and argYx = arg Yy + 90", (1)
Yx=Gx+jBx and Yr = Gy+jBy, (2)

where Yx and Yy are the admittances of the dipoles in the
x and y directions, respectively. Gx and Gy are the conduc-
tances (the real part) and Bx and By are the susceptances
(the imaginary part) of the admittances of the dipoles in
the x and y directions, respectively. The dipole admittance
depends on its length. The input admittance of a cylindrical
dipole with a radius of 0.002 A, as a function of its length
was calculated in free space with the HFSS software and is
given in Figure 8(b). The condition for CP radiation can be
determined from an accurate plot of the dipole admittance by
a graphical solution, as shown in Figure 8(b), i.e., the antenna
radiates CP radiation with h. and h, approximately equal to
0.51A, and 0.424,, respectively. At the desired frequency, the
longer one has an inductive reactance while the shorter one
has a capacitive reactance. This approach for CP wave genera-
tion has been experimentally demonstrated in [53]. As shown
in Figure 9, a crossed dipole was designed and constructed at
1.7 GHz (A, ~176 mm). The antenna included two dipoles
with lengths of 93 (~0.5271,) and 74 mm (~0.421,). The
prototype was constructed using 2.1-mm-diameter, semirigid,
coaxial cable with an subminiature version A (SMA) connec-
tor at the input port to feed the orthogonal wire arms of the
dipole. A folded balun consisting of a 0.25A, (44 mm) con-
ductor was soldered between the two orthogonal dipole arms
that connect with the center conductor of the coax and the
cable sheath. The measurements yielded two resonances (one
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<1.7 GHz and the other >1.7 GHz) in the return loss profile
and a boresight cross-polar level of approximately —14 dB (AR
= 3.5 dB) at 1.7 GHz. Based on this condition, many single-
feed crossed unequal-length dipoles [54]-[59] and other types
of antennas, such as wideband dipoles [60]-[62], slot anten-
nas [63], [64], meander-line dipoles [65], [66], [72]-[81], and
near-field resonant parasitic (NFRP) antennas [67]-[71], have
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FIGURE 7. The configuration of a broadband DP crossed
dipole antenna. (a) The overall diagram of the antenna
system including its reflector. (b) The crossed dipole. (c)

The side and bottom views [51]. RL = 300, RW = 145,

Rw = 60,RH = 15.5,Rh = 4.5, Al = 23.8, Aw = 3.0, Ah = 2.6,
Ad = 2.1,Ar1 = 6.0, Ar2 = 5.0, Ar3 = 2.0,Cw = 4.2,Ch =
1.8,Cr=1.8,L1 = 104,Lw = 2,Lr = 1.6,Lh = 0.7,Le1 = 0.3,
Le2 = 0.5,Bh = 34.7,Be = 0.8,Br1 = 7.5,Br2 = 1.5,Bd1 = 2,
and Bd2 = 6.4 (units: mm).
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been constructed for CP radiation. These various designs are

reviewed in the following sections.

CPNFRPANTENNAS

The NFRP antenna is a type of metamaterial (MTM)-inspired
antenna [67] that is constructed from a single MTM unit cell to
achieve the desired matching and a high radiation efficiency. To
achieve CP radiation, two inductive-based (capacitive-based)
NFRP elements placed in an effective crossed dipole configura-
tion need to generate two resonances, ie., one that is tuned to
be below the desired operating frequency, creating an induc-
tive (capacitive) reactance, the other is tuned to be resonant
above the desired operating frequency, creating a capacitive
(an inductance) reactance. A GPS L1 CP antenna, shown in
Figure 10, has been obtained [68] using two capacitively loaded
loop-based wire NFRP elements; it is fed by a coaxial semi-
loop antenna. The requisite phase shift is obtained by tuning
the angle between the semiloop antenna and the NFRP ele-
ments. It has a 30.7-MHz bandwidth for | S11| <—10 dB and
a 7.9-MHz bandwidth for the 3-dB AR. At 1,575.4 MHz, the
antenna yields an overall efficiency of 96.9%, a broadside gain
of 6.28 dBic, and an AR of 0.6 dB. The CP radiation condition
has also been achieved with the protractor antenna NFRP

>
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0.521
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14 16
Conductance-G [MHOS (10)~9]
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FIGURE 8. The two orthogonal cylindrical dipoles fed

in parallel. (a) The arrangement of the dipoles and its
equivalent circuit [52]. (b) The input admittance of a single
dipole as a function of its length.

structure [69] shown in Figure 11. Each protractor element
produces a magnetic dipole parallel to the ground plane. At
the desired frequency, one was designed to create an inductive
reactance while the other was designed to create a capacitive
reactance. The optimal design with a height of 15 mm yielded
29.3 MHz for | S11| <—10 dB, 7.2 MHz for 3-dB AR, 89.2%
overall efficiency, and AR = 0.26 dB at the GPS L1 frequency.
A dual-band CP NFRP antenna for the GPS L1/1.2 bands [69]
has been achieved by using two orthogonal dual-band protrac-
tor elements whose design is shown in Figure 12(a) and whose
fabricated prototype is shown in Figure 12(b). Tivo pairs of pro-
tractor NFRP elements were designed to have the appropriate
phasing between their resonances to produce the CP radiation
at both the GPS L1 and L2 frequencies with a single-feed struc-
ture. The final design with a height of 19.4 mm was constructed
on a 119.5-mm-diameter ground plane. The antenna has an
| S11] < —10-dB bandwidth of 10.6 and 24.2 MHz, and a 3-dB
AR bandwidth of 4.3 and 5.3 MHz for the GPS L1 and L2
bands, respectively. At the GPS L1 frequency, it has an overall
efficiency of 79.2%, a gain of 6.2 dBi, and an AR of 0.87 dB. At
the GPS L2 frequency, it has an overall efficiency of 71.1%, a
gain of 5.36 dBi, and an AR of 0.42 dB.

To further improve the low-profile characteristics of the
CP NFRP antenna, meander lines have been applied to
the NFRP elements. In [70], a dual-band LP antenna with
two orthogonal NFRP dipoles was first designed for GPS
L1 and Global Star applications, and then the two dipoles
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FIGURE 9. The layout of a prototype 1.7-GHz CP dipole [53].
SMA: subminiature version A.
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were retuned to have overlapping resonances that exhib-
it a 90° phase difference between them at the GPS L1
frequency for CP radiation. Figure 13 shows the geome-
try of the GPS L1 CP NFRP antenna; it is a planar struc-
ture with a very small size of 25.4 mm X 25.4 mm
(Ao/T.5X Ao/7.5 at 1.5754 GHz). The antenna is built on Rog-
ers Duroid 4350 substrate with a relative permittivity of 3.66,
a loss tangent of 0.004, and a thickness of 0.762 mm. The final
design has an | S11| < —10-dB bandwidth of approximately 70
MHz, a 3-dB AR bandwidth of approximately 17 MHz, and a
minimum AR at 1.580 GHz with a value of 0.84 dB. At this fre-
quency, the antenna radiated a quasi-isotropic radiation pattern
with a peak directivity of 1.88 dBic and an overall efficiency of
73.41%. To achieve a unidirectional radiation pattern with a low
profile, another CP NFRP antenna, shown in Figure 14, has
been equipped with an AMC surface [71]. Its main radiating
element consists of two slightly different-sized, orthogonally ori-
ented, and Egyptian axe NFRP elements. The driven element

GZT

CLL Element 2

Drive Loop

/1=

(b)

FIGURE 10. A GPS L1 CP NFRP wire antenna [68]. (a) The 3-D
view. (b) The top view. R1 = 5.9 mm, R1_wire_radius = 1.0 mm,
R2 = R3 = 14.0 mm, R2_wire_radius = R3_wire_radius =
1.0mm, G1 = 0.193 mm, G2 = 0.182 mm, and a = 30°.
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also consists of two slightly different-sized, orthogonally orient-
ed, top-loaded dipoles that are coaxially fed. The antenna was
built on Rogers Duroid 5880 substrate with a relative permittiv-
ity of 2.2, aloss tangent of 0.0009, and a thickness of 0.7874 mm.
The AMC structure was implemented on a Trans-Tech MCT-40
ceramic material with a relative permittivity of 40, a loss tan-
gent of 0.0015, and a thickness of 5 mm. The final design with
a 60-mm-diameter footprint and a total height of 8.7874 mm
has an impedance matching bandwidth of 1.5586-1.6071 GHz
(48.5 MHz) for | S11|<—10 dB and a 3-dB AR bandwidth of
1.5696-1.5812 GHz (11.6 MHz). At the GPS L1 frequency, the
AR is 0.2548 dB, the overall efficiency is 79.6%, and the maxi-
mum gain is 4.25 dBi along the broadside direction.

The NFRP antennas have yielded small electrical size,
good impedance matching, good CP radiation, and high radi-
ation efficiency. However, these antennas suffer from narrow
bandwidths. In addition, their configurations are too compli-
cated to implement for multiband operation. Multiband CP
antennas using planar NFRP elements would be yet another
interesting direction to address the aforementioned issues.

MULTIBAND WIDEBEAM CP CROSSED DIPOLE ANTENNAS

The GPS satellites conventionally operate in two frequ-
ency bands at the same time, ie., L1 (1.57542 GHz) and L2
(1.2276 GHz). Recently, several bands, namely, the GPS L3
(1.38105 GHz), L4 (1.379913 GHz), and L5 (117645 GHz),
have been added for special applications (e.g., nuclear detona-
tion detection, additional ionospheric correction, and civilian
safety-of-life signal reception). In addition, the GPS receiver
antenna requires a CP beamwidth of 100-140° for terrestrial
and 120-160° for airborne applications. By properly combining
compact multiresonant dipoles and a cavity-backed reflector,
multiband widebeam CP crossed dipole antennas have been
realized for use in GPS receivers.

Printed
Monopoles

>

NFRP

Element 2
Element 1

Coaxial Feed
Line

FIGURE 11.The 3-D view of a GPS L1 CP antenna with two
orthogonally oriented NFRP elements [69].
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FIGURE 12. The dual-band CP NFRP antenna for GPS L1/L2
bands. (a) The design of the primary radiation elements.
(b) A fabricated prototype [69].

Two techniques, namely, the insertion of a meander line
in the dipole arm and an arrowhead-shaped trace at its end,
were used to achieve a compact size [70], [72]. The process
of the dipole length reduction is illustrated in Figure 15.
The initial design was a half-wavelength dipole (0.5 1). To
reduce its length, but keep the same resonance, two meander
lines were symmetrically inserted into the arms of the initial
design. To further reduce its length, the ends of the dipole
were formed into a barbed shape. The final design has a much
shorter length (0.314) and the same resonance in comparison
with the initial dipole. However, the length reduction was
accompanied by a degradation of the antenna characteristics
such as the impedance matching bandwidth. Therefore, the
design parameters of the dipole chosen were a compromise
between compactness and broadband characteristics. The
meander-line dipoles are incorporated with a pair of vacant-
quarter printed rings to construct a compact radiator with a
good impedance matching and good CP radiation. This com-
pact crossed dipole can be used as single element radiator [73]
or can be equipped with a cavity-backed reflector to produce
a unidirectional radiation pattern with a wide 3-dB AR beam-
width and a high front-to-back ratio [74], [75].

To add another resonance, dipole number three in Fig-
ure 15 was modified by creating an asymmetrically barbed
arrowhead, as shown in Figure 16(a). This design, denoted
as dipole number four, contains two meander lines and two
half-arrowheads of different sizes. Dipole number four was
designed to have two resonances near 1.227 and 1.575 GHz,
as shown in Figure 16(b). To achieve CP radiation at both the
GPS L1/L2 bands, dipole number four is crossed through a

254 mm ———————»

>S9,

20.6 mm

- 254 MM ——————

(b)

FIGURE 13. A CP NFRP antenna for the GPS L1 band. (a) The
top view. (b) The side view [70].

double vacant-quarter printed ring [Figure 17(a)]. By properly
adjusting the ring and dipole number four, the appropriate
phasing between the resonances to produce CP radiation
is obtained at both of the desired frequencies. The cavity-
backed reflector was also used to improve the radiation
patterns of the crossed asymmetric dipole antenna [76].
Figure 17(b) shows a cross-sectional view of the prototype
antenna. Thanks to the presence of the cavity, the 3-dB
AR beamwidth was significantly widened at both bands.
The final design of the GPS L1/L2 antenna with an overall
size of 120 mm X 120 mm X 40.5 mm has an impedance
matching bandwidth of 1.188-1.265 GHz (48 MHz) and
1.453-1.80 GHz (347 MHz) for |Si1|< —10 dB and a 3-dB
AR bandwidth of 1.217-1.240 GHz (23 MHz) and 1.525-
1.630 GHz (105 MHz), respectively. At the GPS L1 frequen-
cy, the antenna has a gain of 7.5 dBic, a radiation efficiency
of 97.4%, and a 3-dB AR beamwidth of 143° and 152° in the
x— and y—= planes, respectively. At the GPS L2 frequency,
the antenna has a gain of 6.3 dBic, a radiation efficiency of
90%, and a 3-dB AR beamwidth of 132° and 140° in the x—=
and y—z planes, respectively. The 3-dB beamwidth can be
further improved by a modification in the asymmetric dipole.
This has been demonstrated in [77], which presents a dual-
band crossed scythe-shaped dipole antenna with a CP radia-
tion beamwidth >160° in both bands.

For multiband operation, two other branches with differ-
ent lengths are added to the arm of dipole number four design
in Figure 16(a). Thus, the design is referred to as a multibranch
dipole, as shown in Figure 18(a). It was possible to combine
the multiband dipoles and double vacant-quarter printed ring
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with appropriate phasing between the resonances to produce
CP radiation at the GPS L1-L5 frequencies with a single feed
[78]. As shown in Figure 18(b), the crossed multibranch dipoles
are backed by an inverted pyramidal cavity with a rectangular
bottom measuring 120 mm X 120 mm, a top aperture mea-
suring 160 mm X 160 mm, and a height of 40 mm to achieve
widebeam radiation, a high front-to-back ratio, and a similar
gain at all bands. A fabricated prototype of the CP GPS L1-L5
crossed dipole antenna is shown in Figure 18(c). The antenna has
measured bandwidths of 1.131-1.312 GHz (181 MI1z), 1.369—
1421 GHz (52 MHz), and 1.543-1.610 GHz (67 M) for imped-
ance matching with |S1;1|<—10 dB and 1.165-1.190 GHz
(25 MHz), 1.195-1.240 GHz (45 MHz), 1.370-1.395 GHz
(25 MHz), and 1.565-1.585 GHz (20 MHz) for an AR of <3 dB.
In addition, the antenna has a wide beamwidth (>90° for the
HPBW and >110° for the 3-dB AR beamwidth), high radiation
efficiency (>85%), and a high front-to-back ratio (>18 dB).

The compact crossed dipole antenna equipped with a cavity-
backed reflector produces a unidirectional radiation pattern
with a wide 3-dB AR beamwidth and a high front-to-back ratio.
Due to the miniaturization of the radiator and the widebeam
CP radiation, these antennas are suitable for single band or mul-
tiband applications with a bandwidth of <10%. Recently, the
wideband CP crossed dipole antennas with a single feed [58],
[62] have received much attention. A challenge for particular
consideration is the improvement of the 3-dB AR bandwidth
while maintaining the widebeam CP radiation. In addition, the
single-feed crossed dipoles may be a good choice of radiators in
Fabry—Perot cavity antennas to achieve broadband high-gain CP
radiation performance.

PROFILE MINIATURIZATION AND 3-DB AR BANDWIDTH
ENHANCEMENT OF A CP CROSSED DIPOLE ANTENNA USING A
FINITEAMCSURFACE
As noted previously, the main problem of an antenna equipped
with a metallic reflector is often addressed by including a quar-
ter-wavelength space between the radiating elements and the
reflector to obtain optimal antenna characteristics. This can be
circumvented by using an AMC surface instead of a metallic
reflector. The AMC, which generally consists of a lattice of metal
plates on a grounded dielectric substrate with/without ground-
ing vias, can mimic a perfect magnetic conductor (PMC) over
a certain frequency band. Consequently, the AMC allows close
placement of the antenna with good impedance matching and
the desired unidirectional radiation pattern. By combining the
crossed dipole radiators and the finite AMC surfaces, low-profile
multiband CP antennas that are nearly completely matched to
a single 50-Q  source and have high radiation efficiencies have
been implemented. More interestingly, surface waves propagat-
ing on the finite AMC are excited to generate extra operating
bands for the radiating system. It was shown that the extra bands
can be favorably used to enhance the bandwidth of the antenna.
These various designs are reviewed in this section.

A new way of designing a dual-band CP antenna by inte-
grating a single-band CP radiator with a finite AMC surface
was presented in [79]. The dual-band operation was obtained

IEEE ANTENNAS & PROPAGATION MAGAZINE OCTOBER 2015

by utilizing the original band of the radiator and the first extra
band caused by the surface waves propagating on the finite
AMC reflector. The dual-band antenna configuration is shown

(b)

FIGURE 14. The low-profile, electrically small, high-directivity CP
GPS L1 antenna. (a) The top and (b) isometric views of its driven
element, which consists of two orthogonal dipoles with a single
coaxial feed [71].
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FIGURE 15. The design variations for length reduction [72].
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FIGURE 16. The dual-frequency generation. (a) Basic designs
(dimensions in millimeters) and (b) their | S11| values as a
function of the frequency [72].

in Figure 19. It consists of a compact crossed dipole above a 5 X 5
AMC surface. The antenna was optimized for the GPS L1/L2
bands with low-profile broadband characteristics and excellent
CP radiation. The final design with an overall size of 85 X 85 X
11.493 mm?® (~0.34851, X 0.34851, X 0.0471A, at 1.23 GHz)
yields a measured impedance bandwidth of 1.202-1.706 GHz
(504 MHz) for the | S11| <—10 dB and 3-dB AR bandwidths
of 1.205-1.240 GHz (35 MHz) and 1.530-1.625 GHz (95 MHz),
respectively. The proposed antenna was RHCP in both bands
and yielded gains of 5.60 and 5.31 dBic and radiation efficiencies
of 95% and 96.5% at the GPS L1/L2 frequencies, respectively.
Based on the proposed design method, the antenna volume can
be significantly decreased by using high-permittivity materials
(eamc) for the AMC substrate. This was also demonstrated in
[79] with a dual-band design that used eamc = 20.

To improve their throughput, several wireless communica-
tion systems use multiple frequency bands which simultaneously
have a large frequency ratio. For instance, WLAN uses a lower
frequency band of 2.4-2.485 GHz for the IEEE 802.11b/g Stan-
dard and two upper frequency bands of 5.15-5.35 and 5.725—
5.875 GHz for the IEEE 802.11a Standard. The basic crossed
multibranch dipole with a single-feed structure can be eas-
ily modified for use in these systems. As an example, a crossed
trident-shaped dipole has been optimized to have CP radiation
at the 2.4-/5.2-/5.8-GHz WLAN frequencies [80]. As shown

]
Top Side

Bottom Side
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Crossed Asymmetric Dipoles

*

L E Backed-Cavity Reflector
(b)

FIGURE 17. The dual-band CP, crossed asymmetric dipole
antenna for GPS L1/L2 bands [76]. (a) Radiator. (b) Cross-
sectional view. SMA: subminiature version A.

in Figure 20, the triband crossed dipoles are backed by a finite
AMC surface to achieve low-profile, broadband characteristics,
and a unidirectional radiation pattern at three bands. The AMC
was designed to act as a PMC over the 2.4-GHz band, but per-
form like a PEC over the 5.2- and 5.8-GHz bands. In addition,
the extra band generated by the surface waves propagating on
the AMC was properly utilized to produce an improvement of
the 3-dB AR bandwidth at the lower band. The fabricated pro-
totype with an overall 2.4-GHz frequency size of approximately
0.5761, X 0.576A, X 0.14A, has a | S11|< —10-dB bandwidth
of 2.21-2.62 GHz (410 MHz), 5.02-5.44 GHz (420 MHz),
and 5.62-5.96 GHz (340 MHz) and a 3-dB AR bandwidth of
9.34-2.58 GHz (240 MHz), 5.14-5.38 GHz (240 MHz), and
5.72-5.88 GHz (160 MHz). In addition, the antenna system has
a unidirectional RHCP gain pattern, high radiation efficiency,
and stable operation over all three operating bands.

A novel AMC structure, which yields dual-frequency opera-
tion, has been employed as a reflector of a set of single-feed
crossed asymmetric dipoles to achieve low profile and broadband
characteristics for dual-band operation with a large frequency
ratio [81]. Figure 21 shows the geometry of the low-profile
dual-band antenna. The radiator was designed to produce CP
radiation at the 2.4-/5.2-GHz bands. To match the operating
frequencies of the radiator, the first and second resonances
of the AMC structure were adjusted by using four T-shaped
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FIGURE 18. A multiband CP, crossed dipole antenna for GPS
L1-L5 bands [78]. (a) The multibranch dipole arm and vacant-
quarter printed ring. (b) A cross-sectional view. (c) The top view
of the fabricated prototype. SMA: subminiature version A.

slits in each of the unit-cell patches, as shown in Figure 21(c).
More importantly, the extra bands caused by the surface waves
on the finite AMC surface were generated and consequently
were utilized to improve the 3-dB AR bandwidths at both
bands. The final design with an overall 2.4-GHz frequency
size of 0.57604, X 0.5761, X 0.088 A, results in impedance
bandwidths of 2.20-2.60 GHz (400 MHz) and 4.90-5.50 GHz
(600 MHz) for |S11]|< —1 dB, 3-dB AR bandwidths of 2.30—
2.50 GHz (20 MHz) and 5.05-5.35 GHz (30 MHz), as well as a
highly efficient unidirectional radiation pattern. This antenna is a
good candidate for dual-band wireless communications, such as
WLAN, RFID, and WiMAX applications.

The interesting features of the AMC-based crossed dipole
antennas are not only their ability to achieve high efficiency
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FIGURE 19. The low-profile CP crossed dipole integrated with
a finite AMC surface for dual-band operation [79]. (a) A single-
band radiator. (b) A cross-sectional view. (c) The top view of
the fabricated prototype. SMA: subminiature version A.
(Photo courtesy of Taylor & Francis.)

with a low profile, but also to generate additional resonances
and the corresponding additional CP radiation features. These
were utilized to add other operating bands or to broaden the
antenna bandwidth. However, further investigations of these
phenomena have not been rigorously pursued. The challenge
is to develop a theoretical model that can be used to predict
the extra resonances for all AMC-based antennas. Moreover,
higher mode resonances exist in all of these antennas. Conse-
quently, future work should consider the suppression or utili-
zation of these resonances depending on whether or not they
would be beneficial to the antenna in selected applications.
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FIGURE 20. A CP crossed dipole antenna for 2.4-/5.2-/5.8-
GHz WLAN applications [80]. (a) Trident-shaped dipole arm
and vacant-quarter printed ring. (b) Cross-sectional view.
(c) Top view of the fabricated prototype. SMA: subminiature
version A.

CONCLUSIONS

A review of the designs, characteristics, and applications of
crossed dipole antennas was presented, and we discussed why
dual-eed crossed dipoles have been installed in many broadband
antennas. In particular, they can be designed to radiate isotropic,
omnidirectional, unidirectional CP, and unidirectional DP radia-
tion. By a proper choice of the two orthogonal dipole lengths, it
was described how CP radiation can be obtained with a single-
feed structure. Some recent developments with the single-feed
CP designs, including miniaturization, bandwidth enhancements,
multiband operation, and radiation pattern control, also were
reviewed. We illustrated how each dipole arm has been divided
into multibranches with different lengths to achieve multiple
resonances and how meander lines with modified trace ends have
been inserted into each branch to achieve compact sizes. We also
described how these compact radiators can easily be combined
with different reflectors, namely, planar metallic, cavity-backed,
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FIGURE 21. A CP crossed asymmetric dipole antenna
integrated with a dual-band AMC surface [81]. (a) Radiator.
(b) Cross-sectional view. (c) Unit cell of the dual-band AMC.
(d) Top view of the fabricated prototype. SMA: subminiature
version A.
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and AMC surfaces, to achieve broadband and unidirectional radi-
ation patterns. With their many desirable performance character-
istics, cross-dipole-based antennas can be widely applied in many
current and next-generation wireless communication systems.

Future research on crossed dipole antennas will be redirected
by their recent developments, including simple feed structures,
radiation pattern control, and profile miniaturization, as well as
bandwidth enhancement. To simplify the feeding structure, single-
feed antennas have been developed. Nonetheless, considerable
research still needs to be done to achieve wideband and widebeam
CP radiation. For profile miniaturization, crossed dipole radiators
have been suspended above AMC surfaces instead of metallic
reflectors. However, improvements in the AMC bandwidth need
further consideration. Furthermore, the phenomena of extra
resonances and their corresponding CP radiation features need
rigorous investigation. With the recent progress reviewed in this
article, there is great hope that more engineering approaches will
be developed to tailor the crossed dipole antenna design to provide
additional degrees of freedom and better performance characteris-
tics for many wireless communication systems.
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