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Abstract—This paper investigates the working mechanism of
dual-polarized tightly-coupled cross-dipoles that are widely used
in cellular base station applications. The effects of couplings
between sub-dipoles on the performance indexes of concern are
observed. A theory of considering this type of cross-dipole as an
array is proposed and validated. The proposed theory explains
why a stable radiation pattern can be achieved by this kind of
structure. The array model can be used to guide the introduction
and optimization of a simplified cross-dipole structure for base
station application.

Index Terms—Cross-dipole, base station, array, half-power-
beamwidth (HPBW).

I. INTRODUCTION

Our daily lives have benefited significantly from the de-
velopment of wireless communication technologies. Modern
communication systems provide us with not only communica-
tion, but also other applications such as internet connectivity,
video conferences, and virtual reality. The upcoming 5th
generation (5G) wireless communication system will enable
more revolutionary technologies like home service robotic,
autonomous car to be available in daily life. To build 5G wire-
less communication systems, one of the major challenges is to
deploy future 5G antennas and 3G/4G antennas together on a
new platform. This will leads to more stringent requirements
on base station antennas due to the complicated environment.
It is now becoming imperative for the mobile industry to
develop new antenna technologies to address the challenges
in deploying 5G base stations antennas. Due to the fact that
5G standardization on base station antennas has not finished
yet, the most effective starting point is the investigation of
current base station antennas on 3G/4G platforms. Beholding
a knowledge of how current base station antenna works can
provide significant help to re-design base station antennas on
the new platform.

Current base station antennas for wireless cellular commu-
nication are designed to provide dual +45° polarizations to
enhance the system capacity. To provide a full coverage of
a geographic area, usually 3 arrays are employed to have an
omnidirectional pattern in the horizontal plane and a narrow
beam in the vertical plane. The base station elements used
in this typical 3-sector configuration are required to have
stable radiation pattern in the horizontal plane across a wide
operation band, to be specific, HPBW within 65° + 5° over
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Fig. 1. Configurations of dual-polarized cross-dipoles developed for base
station applications reported in the literature. (a) Ref [4]. (b) Ref [5]. (¢) Ref
[6]. (d) Ref [7].

the band from 1710 MHz to 2690 MHz. Moreover, excellent
matching of VSWR < 1.5 for both of the two polarizations is
strictly required in industry.

There are various types of antennas targeted at this applica-
tion in the literature, including patch antennas [1], Magneto-
Electric dipoles [2], slot antennas [3], and cross-dipoles [4-7].
However, only a few works can meet all the requirements
that have the potential to be used commercially. Among those
works, cross-dipoles appear to be the most promising solutions
due to their wide bandwidth and stable radiation pattern. Fig. 2
illustrates some cross-dipoles available in the literature [4-7].
A dual-polarized cross-dipole consists of a pair of sub-dipoles
perpendicular to each other. By exciting either one of the two
sub-dipoles, different polarizations can be obtained. Primitive
cross-dipoles have their two sub-dipoles “isolated" from each
other, like the designs shown in Fig. 1(a). These “isolated"
configurations have limited bandwidth. Lately, cross-dipoles
with their sub-dipoles closely spaced and tightly coupled with
each other are advocated, as shown in Fig. 1(b) to 1(d).
By optimally enhancing the mutual coupling between sub-
dipoles, both the two sub-dipoles can be activated when only
one sub-dipole is excited. This somehow leads to a fact that
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Fig. 2. Cross-dipole geometry. (a) Model-A: tightly-coupled cross dipoles
consisting of a driven dipole and a parasitic dipole. (b) Model-B: driven dipole
only.

the impedance bandwidths have been significantly improved.
For example, all the reported antennas shown in Fig. 1(b) to
1(d) [5-7] have their bandwidths > 44.5% with VSWR < 1.5.
Moreover, we noticed that a stronger coupling between sub-
dipoles may also increase the gain.

Now it is noted that the coupling between sub-dipoles
gives a cross-dipole more bandwidth and better radiation
performance. However, the understanding of how the coupling
improves the performance is superficial. There is no clear
methodology available of how to optimize the coupling to
achieve the best performance. This work offers a deeper
understanding of how coupling works and provides linkages
between physical dimensions, current distribution, and perfor-
mance indexes of concern. Substantial simulation and analysis
have been conducted to support the proposed theory. Based on
the proposed theory, a design and optimization method of a
simplified tightly-coupled cross-dipole is obtained.

II. COUPLING ANALYSIS

The analysis in this work is based on a cross-dipole with
a typical configuration as shown in Fig. 2(a). It consists of
two identical sub-dipoles placed perpendicular to each other.
Square-looped dipole arms are employed in order to have a
larger aperture to get more bandwidth and gain. The branches
constructing the square-looped arms have the length of L =
25.5 mm and the width of W = 6 mm. The square-looped
arms are placed close to each other with a small distance of
s =3 mm to enable strong coupling. The dipoles are printed
on a Rogers substrate with the dielectric constant of 3.55 and
the thickness of 1.524 mm. The distance between the dipole
and the reflector is 7 = 32 mm and the reflector has the size
of G = 160 mm.

The data used for theoretical analysis are obtained without
the presence of balun and matching circuit. This is due to the
fact that the matching circuit will be shielded by the balun
in reality and a well-designed balun has minor current on its
outer surface, thereby they have minor effect on the radiation
performance. The balun and matching circuit are only used
for impedance matching and balance feeding.
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Fig. 3. Variations of the impedance of Model-A and Model-B in the target
band. (a) Resistance. (b) Reactance.

The two sub-dipoles shown in Fig. 2(a) are defined as driven
dipole and parasitic dipole. By exciting the driven dipole, the
parasitic dipole can also be activated due to the coupling. To
figure out how the coupling changes the performance, we built
another model by removing the parasitic dipole [as shown in
Fig. 2(b)] and investigated the differences between these two
models.

Fig. 3(a) and 3(b) shows the variations of resistance and
reactance, respectively, of Models-A and -B across the de-
signed band. It is observed that the fluctuations in both the
resistance and the reactance are smaller with the presence of
the parasitic dipole. This indicates the fact that the parasitic
dipole alleviates the impedance variation of the driven dipole,
making the dipole easier to match in the designed band. This
is under our expectation since the dipole’s size is enlarged
due to presence of the parasitic dipole, which introduces more
bandwidth.

Moreover, the coupling between driven and parasitic dipoles
offers a higher directivity and a more stable HPBW in the
horizontal plane cut (xz-plane). From 1.7 GHz to 2.7 GHz, the
model shown in Fig. 2(a) has its directivity varying from 8.6
dBi to 9.3 dBi, and the HPBW is from 63° to 69°, while those
of the model shown in Fig. 2(b) are from 8.5 dBi to 9.0 dBi and
from 65° to 75°, respectively. To have a better understanding
of where these merits come from, the current distribution on
the apertures is depicted in Fig. 4(a) and 4(b). It is observed
that the driven dipole has the standard dipole behavior with
or without the coupling. On the driven dipole, the peaks of
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Fig. 4. Current distributions on the traces of the models. (a) Model-A. (b)
Model-B.

the current distribution occur near the excitation source and
the valleys locate at the ends of the dipole arms. The parasitic
dipole has a different current distribution since it is illuminated
by the capacitive coupling between the parallel branches. We
monitored the currents on a pair of adjacent branches as a
typical example, finding out that the induced current /_p and
the driven current /_d are out of phase. This phenomenon is
interesting since in theory, the reverse current can reduce the
directivity while in reality, the directivity is even higher. In
order to explain this conflict, several current monitors (CI,
C2, C3, CI” and C2’) were applied to the dipoles (as shown
in Fig. 4) to observe both the magnitudes and phases of the
currents within the entire frequency band. Due to the diagonal
symmetric aperture, the current distribution on the x- and y-
aligned branches is identical. Therefore, only the y-aligned
currents are monitored and analyzed. The y-aligned currents
on the left-, middle-, and right branches work together like
a 3-elements array. The current monitors are placed near the
peaks of the current distribution on the three branches.

The current magnitudes on the middle branches of the
two models at Cl1 and C1° are compared in Fig. 5(a). The
comparison of the current magnitudes on the left branches
at C2, C2’ and that on the right branch at C3 is plotted in
Fig. 5(b). Following facts are noticed by observing the figures.
Firstly, the magnitudes of the total currents (/_d - I _p) on the
middle branch with or without the coupling are at the same
level (C1~C1’). Although the coupling introduces a reverse
current / p on the parasitic dipole, the current density on
the driven dipole / d is also increased, thereby avoiding a
reduction in the directivity. Secondly, the current on the left
branch of the driven dipole remains at a similar level (C2x~C2’)
as well with or without the coupling. Thirdly, additional
current (C3) is induced on the right branch. And the induced
current has a comparable magnitude with the driven current
on the left branch (C3 comparable with C2). Moreover, the
phases of the currents on the left-, middle, and right-branches
of Model-A are plotted in Fig. 5(c). The phase differences
between the currents are less than 90° within the entire band.
Therefore, the three y-aligned currents’ contribution to the
radiation adds up at the boreside. This leads to the fact that
the coupling of Model-A introduces an additional current item
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Fig. 5. Simulated currents. (a) Current magnitude on the middle branches
of Model-A and Model-B. (b) Current magnitudes on the side branches of
Model-A and Model-B. (¢) Current phases on three different branches of
Model-A.

(C3) without decreasing the driven current items (C1 and C2),
resulting in a higher directivity and a narrower HPBW.

III. EQUIVALENT MODEL

Based on the analysis in the previous section, this section
shows how to play with the aperture of a cross-dipole configu-
ration to achieve stable HPBW across the wide band. Fig. 6(a)
gives a schematic current distribution on the cross-dipole aper-
ture. The solid and dashed arrows denote the directly-excited
currents and the induced parasitic currents, respectively. Due
to the symmetry, there are only three different current items
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Fig. 6. Representation of the current distributions. (a) Schematic for the
tightly-coupled cross-dipole antenna. (b) Equivalent six-element dipole array
for model-A. (c) Reduced, equivalent three-element dipole array model.
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Fig. 7. Simulated radiation patterns. (a) E-plane pattern and (b) H-plane
pattern of a single half-wavelength dipole placed above an infinite ground

plane. (c) Three-element array factor pattern alone. (d) Model-A-based cross-
dipole radiation pattern.

on the aperture:

Cl =Cl1e?,
C3 = 26/, (1)
C3 = C3/.

Three current monitors C1, C2, and C3 are employed as shown
in Fig. 6(a) to monitor the magnitudes and phases at the
peaks of the currents. In this work, we take out only the y-
aligned currents to conduct the analysis as shown in Fig. 6(b).
Although the three current items have different magnitudes
and phases, they have similar quarter-period quasi-sinusoidal
magnitude distribution and small phase differences < 90° as
long as the size of the cross-dipole is reasonable (side length
of the aperture near a quarter-wavelength). Therefore, we can
merge the six current items into three current iterns_a;ls sh0w_1>1
in Fig. 6(c) and assume that the current items /,, and I

have identical half-period quasi-sinusoidal current distribution,

where N _ )
I, = IH(C3e/% + C26/2))2,

Im = 1oClel,

The radiation pattern generated by the three y-polarized cur-
rent items can be derived as

£y(0, ¢) = AF(6, ¢) * fo(6, ¢), 3)

where AF (0, ¢) is the three-element array factor and fy(6, ¢)
is the radiation pattern of a dipole element. Since the x- and
y-aligned currents are rotationally symmetric, then we can
have the radiation pattern contributed by x-algined currents
as follow:

2

Fi(6,¢) = Fy(6, ¢ +90°). “4)

Therefore, combining the fields radiated by both the x- and
y-aligned currents, the total radiation pattern is:
F(Ga ¢) = Fx(99 ¢) + Fy(ea ¢)
= Fy(60, ¢ +90°) + F,(6, ¢).
The xz-cut of this radiation pattern is
F(6,¢ =0) =F,(6,¢ =0°) + F,(6, ¢ = 90°)
= AF(6,¢ = 0°) * fo(6,¢ = 0°)
+ AF (6, ¢ = 90°) * f5(60, ¢ = 90°)
=AF6,¢ =0°) = fg(0) + AF(6, ¢ = 90°) = fE(0)
(6)
where fy(0) and f£(0) reprgent the H- and E-plane patterns
of the dipole oriented along /. Because the y-aligned currents

are spaced along the x-axis, the array factor along the y-axis
is identically equal to 1.0, i.e.,

AF(6,¢ = 90°) = 1. (7)

)

Therefore, the cross-dipole’s radiation pattern in the xz-cut (6)
can be rewritten as

F(6, §)lg=00 = AF(6, ¢ = 0°) = fu(6) + fE(0). @®)

where AFy is the three-dipole element array factor in the
dipole’s H-plane. The first and second terms in this expression
represent the contributions from the x- and y-aligned dipole
currents, respectively.

From equation (2) and Fig. 6(c), the three-element dipole
array factor is calculated as:

3

n=1
= [pel¥m [ Ayl @5 —Om)(emikdeosd y pikdeosty 4 g |
= Iy|24scos(kdcos)e?®®) + A4,

= Ip{[24,cos(kdcosO)cos(Ad) + Am]*

+ [24,cos(kdcosO)sin(Ag)]*}?

AF(9) =

)
where k = 2n/A, A¢p = ¢s — ¢m, and d is the separation
distance between the dipole elements. The array factor is thus



calculated straightforwardly once the magnitudes and phases
of the currents are obtained from the monitors C1, C2, and
C3.

Fig. 7(a) and 7(b) shows the E- and H-plane radiation
patterns (fr(0) and fy(6)), respectively, of a straight half-
wavelength dipole placed above a ground plane. To eliminate
the effect of the ground plane’s size, the ground plane used
for this demonstration is set to be infinitely large. Fig. 7(c)
plots the array factors of Model-A at different frequencies.
The obtained array factors were calculated from the values
of the current monitors and formula (17). It is observed from
these figures that a typical dipole placed above a reflector has
its H-plane pattern getting wider and E-plane pattern relatively
stable with the increasing frequency. It is also noticed that ar-
ray factor AFg(0) is narrower at a higher frequency. Therefore,
according to equation (8), it is not surprising that the proposed
cross-dipole has very stable radiation patterns across the target
band.

IV. DISCUSSION AND DESIGN PROCEDURE

The tightly-coupled cross-dipole configuration addressed in
this work can be decomposed into two arrays, a x- and
a y-aligned 3-elements array, placed above a reflector. The
radiation pattern is determined by two factors: a) the imaging
factor determining each of the array element’s radiation pattern
and b) the array factor 4Fy (). This array factor and imaging
factor have opposite effects to the radiation pattern of the
antenna. With the frequency increasing, the imaging effect
makes the pattern wider, while the array effect narrowing the
pattern. By manipulating the weighting of this two factors,
beam consistency can be achieved.

For a typical cross-dipole model shown in Fig. 2, the basic
parameters we can play with are the aperture length L, branch
width W, gap width s, antenna height £, and reflector size G.
According to our simulations, among those parameters, the
most sensitive one is the dipole length L. This is attributed to
the fact that L is closely related to the array factor AFgy(6)
since L/2 is the separation distance between array elements.
A larger L results in a more directive AFy (@), and thus a
narrower HPBW. At the same time, L is also a key parameter
to tune the impedance.

The radiation pattern is also changing with antenna height
h and the ground plane size G. This is due to the fact that 4
and G are crucial to the radiation pattern (fz(0) and fg(0))
of a single dipole element; in other words, imaging factor.
However, they do not affect the couplings happened on the
aperture. This leads to the following two facts: first, they do
not affect the array factor AFy(0); second, changing these two
parameters in reasonable ranges do not affect impedance.

For parameters s and W, they demonstrate minor capability
of tuning the radiation pattern. This fact is easy to understand
since the radiation pattern of a dipole is much related to
the dipole length rather than the dipole width. However,
optimizing the width is crucial for impedance matching.

Based on the obtained analysis results, a following design
procedure is advocated. Firstly, L, 4, and G were determined

to have a satisfactory radiation performance. The antenna
height # and reflector size G were kept as small as possible
to guarantee a compact structure. Parasitic elements maybe
employed to better shape the beam. Secondly, s and W were
optimized to have a matchable input impedance. To determine
whether the realized cross-dipoles can be matched in the
target band, a Slp file representing the input impedance was
extracted from CST Microwave Studio. Then the S1p file can
be connected with ideal matching circuit based on filter design.
This matching method described in [8] is an optimal way
to match dipole antennas and is easy to be implemented on
PCB. Future work will show how a cross-dipole with excellent
performance are obtained following this design procedure.

V. CONCLUSION

This paper is focused on analyzing the dual-polarized
tightly-coupled cross-dipole which is widely used in current
2G/3G/4G base stations. An insight of how this type of antenna
works is given by decomposing the cross-dipole into two
arrays. By observing and studying the current distribution on
the aperture, it is found that the radiation performance of such
an antenna is determined by two factors, the imaging factor
and the array factor. The interaction between these two factors
makes the cross-dipole be able to provide very stable radiation
performance, which is required for base station application.
Then a strategy of tuning the weighting of these two factors
is proposed followed by advocated design procedure. The
knowledge generated in this work is not only a guidance of
designing current base station antenna, but also useful for
future 5G base station antennas.
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