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Abstract—A new method of designing full-wavelength dipoles
(FWDs) is presented. A dual-polarized antenna is build based on
FWDs for base station applications as an example. The antenna
has four FWDs arranged in a square loop array form. The
employed FWDs are bend upward to maintain a small aperture
size, so that the realized element still fits in traditional base
station antenna (BSA) array. The antenna is first matched across
the band from 1.63 to 3.71 GHz, which can cover both the LTE
band from 1.7 to 2.7 GHz and the 5G (sub-6 GHz) band from 3.3
to 3.6 GHz simultaneously. Then, band-stop filters are inserted
in the feed networks of the antenna to suppress the radiation
between 2.7 to 3.3 GHz. The antenna is fabricated and tested.
Experimental results validate the simulation results. Comparing
with the previously available FWD that has a bandwidth of
32%, the FWD proposed in this paper exhibits a much wider
bandwidth of 78%. Moreover, this bandwidth is also comparable
to and wider than those of the state-of-the-art BSAs based on
half-wavelength dipoles (HWDs). The bandwidth enhancement
and footprint reduction of the FWD in this work demonstrate a
high potential of FWDs to be used in other applications.

Index Terms—5G, base station antenna (BSA), dual-
polarization, feed network, filter, full-wavelength dipole (FWD),
sub-6 GHz band, wideband.

I. I NTRODUCTION

D IPOLE antennas are the simplest and most widely used
class of antennas in radio communications. Based on the

length of the dipole, it can be generally classified into three
categories, i.e., short dipole, half-wavelength dipole (HWD),
and full-wavelength dipole (FWD). A short dipole has its total
length less than a tenth of a wavelength [1, 2]. Due to its
small size, its feed point impedance includes a large capacitive
reactance and a small resistance, thereby leading to a narrow
bandwidth. It is usually used in applications where size is the
main concern. A HWD has a total length approximately half
a wavelength. At the center frequency, the dipole has a zero
reactance and is said to be resonant. HWD is the most common
type of dipoles used in various applications thanks to its simple
configuration and balanced performance, i.e., bandwidth and
directivity. FWD, as implied in its name, has a length of
approximately a wavelength at the center frequency, where
anti-resonance occurs and the reactance is also zero. However,
unlike short dipoles and HWDs that are widely used, FWDs
are seldom used in industry despite their higher directivity.
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This is largely due to a misconception that FWD is difficult
to feed and the bandwidth is narrow.

Indeed, in the early days, matching and feeding of FWD
were quite difficult. There were only a few publications in
the literature discussing offset feedings [3, 4] and dual/triple
feedings [5–7] for FWDs. All these methods suffer from
high complexity and result in narrow bandwidth, thus did not
promote FWD in real applications. In [8], a patch antenna
utilized both the fundamental mode and the first even-order
mode, which is the full-wavelength mode, to enhance the
bandwidth of the radiation (25%). However, this method is
difficult to be used on dipole antennas. In 2017, another
method of matching FWDs was proposed in [9]. In this work,
instead of matching a single FWD, four FWDs were connected
in parallel so that the high resistance of FWD can be reduced
to facilitate the impedance matching. Recently, a simple yet
wideband center feeding method for FWD was developed [10].
With the very standard dipole configuration, i.e., two linear,
straight conductor arms, the FWD was successfully matched
across a fractional bandwidth of 32%. It also demonstrated that
the FWD potentially exhibits more bandwidth than a HWD
with a similar standard configuration. In order to broaden the
application of FWDs, however, one would need to reduce the
size of FWDs and to improve the antenna bandwidth much
further.

In this work, a dual-polarized base station antenna (BSA)
is presented based on FWDs to demonstrate their wide band-
width and footprint reduction potentials. The cellular base
station application is selected as the platform to demonstrate
the superiority of FWD for the following reasons. Firstly,
BSA is one of the most important applications where HWD is
extensively used [11–27]. HWDs are robust, low cost, easy to
realize dual-polarization, and they exhibit better performance
than BSAs based on patches [28] and waveguides [29]. Sec-
ond, antennas of much wider bandwidth are now in demand
for BSAs. In the upcoming 5G era, more frequency bands will
be utilized, including the sub-6 GHz bands (3.55-3.7 GHz in
USA, 3.4-3.8 GHz in Europe, 3.3-3.6 GHz in China) as well as
the mm-wave bands (24-28 GHz, 37-40 GHz) [30]. While the
new BSAs covering the mm-wave bands will be implemented
in a separate platform, BSAs covering the sub-6 GHz band
are very likely to be integrated with the existing 3G/4G BSAs
covering 1.71-2.69 GHz band to minimize the overall cost.
Therefore, a wide band antenna that is capable of covering
3G/4G/5G (sub-6 GHz) bands simultaneously is a competitive
candidate for future 3G/4G/5G co-existing systems.

Modern BSAs require dual-polarization to combat the mul-
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tipath effect. In this work, four FWDs are employed and ar-
ranged in a tightly-coupled square loop array configuration. By
exciting the FWDs simultaneously in two different ways, the
required dual-polarization is attained. The antenna is optimized
to meet BSA specifications. On one hand, the aperture size of
the antenna is comparable with state-of-the-art BSAs [21–27]
employing HWDs and it still fits in the currently used 3G/4G
arrays. On the other hand, the modification of the FWDs
does not change the essence of FWD, thereby the attained
antenna has a wide bandwidth of 77% from 1.63 to 3.71 GHz,
which covers the 3G/4G bands (1.7-2.7 GHz) and the 5G band
(3.3-3.6 GHz) simultaneously for future co-existing 3G/4G/5G
antenna systems.

The remaining of the paper is organized as follows. Follow-
ing the introduction, Section II presents the antenna design and
Section III describes the antenna fabrication and test results.
Finally, the paper is concluded in Section IV.

II. A NTENNA DESIGN

A. Antenna aperture

Fig. 1 shows the thought process for creating the proposed
antenna configuration. Note that the feed networks are not
considered here since they have minor effects on the radiation
pattern, and all the radiators are excited by ideal discrete
ports for simplicity. Fig. 2 plots the half-power-beamwidth
(HPBW) of the radiation patterns of each configuration. For
typical three-sector BSAs, whether the antenna has a stable
radiation pattern, i.e., HPBW is around65

◦ in the horizontal
plane across the frequency band, is a widely used performance
specification [12].

As shown in Fig. 1, Configuration 1 is a tightly-coupled
HWD square loop array BSA advocated in [16]. It consists of
four HWDs arranged in a square loop. With proper excitation,
the radiation of the four HWDs combines into the required
pattern for 3G/4G base station systems. The HPBW of the
antenna in the horizontal plane, i.e.,x-z plane, is shown in
Fig. 2. Across the 3G/4G band, i.e., 1.7-2.7 GHz, the HPBW is
very stable and can meet the requirement for cellular coverage.
However, with the frequency increasing, the HPBW increases
dramatically whenf > 3.3 GHz.

Configuration 2 has a similar configuration as Configuration
1 but the radiators are replaced by FWDs. Although employing
FWDs might enhance the bandwidth, this configuration has
much larger aperture size, which can cause troubles when used
in arrays. Moreover, as shown in Fig. 2, the HPBW is too
narrow for cellular coverage.

To avoid the large aperture size so that the antenna still fits
in the standard BSA array panel, Configuration 3 has the ends
of each FWD bend upward. Similar to that of Configuration
1, the attained HPBW is relatively stable across 3G/4G band
but gets wider at the higher 5G band. To flatten the variation
of HPBW, Configuration 4 has a circular director placed atop
the aperture to narrow the HPBW at higher frequencies. As
shown in Fig. 2, the HPBW of Configuration 4 is maintained
very stable, i.e.,61

◦ ± 3
◦, across the entire band from 1.7 to

3.6 GHz. Therefore, to guarantee the stable radiation pattern
across the sub-6 GHz bands, we selected configuration 4 to
commence the design.

Fig. 1. Antenna structure evolvement. Configuration 1: Square loop array
employing four HWDs. Configuration 2: Square loop array employing four
FWDs. Configuration 3: Square loop array employing four FWDswith edges
bend upward. Configuration 4: Square loop array employing four FWDs with
bend edges and a director.
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Fig. 2. Simulated HPBWs in the horizontal plane (y-zplane) of Configurations
1, 2, 3, and 4 shown in Fig. 1 across the band from 1.7 to 3.6 GHz.

The input impedance seen from the ideal discrete ports
is plotted in Smith chart as shown Fig. 3. Note that the
impedances of the four ideal ports are identical. As observed in
the Smith chart, the impedance rotates in clockwise direction
with the frequency increasing, intersecting with the zero reac-
tance line atf = 1.96 GHz when anti-resonance occurs, which
is a typical FWD behavior. This demonstrates that bending the
FWDs and putting the FWDs close to each other to enhance
the mutual coupling do not change the essence of FWD.

B. Antenna impedance matching with filter-based circuit

A FWD having anti-resonance at the center frequency can
be seen as a resistor in parallel with a shunt L-C circuit.
As shown in Fig. 3, the resistance is large and the reactance
changes rapidly with frequency, which makes a FWD difficult
to match. As suggested in [10], FWD can be matched across
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Fig. 3. Input impedance of each FWD in the square loop array.

Fig. 4. Circuit theory model of the matching circuit.

a reasonable band (32%) using a filter-based matching circuit.
However, matching the antenna proposed in this work is chal-
lenging because we need to excite four FWDs simultaneously
and the target bandwidth is much wider (78%).

A circuit theory model of the filter-based matching circuit
for the proposed antenna is shown in Fig. 4. The matching
circuit is partly implemented on the radiation aperture placed
horizontally and partly implemented on a vertical printed cir-
cuit board (PCB) in perpendicular with the horizontal aperture,
as shown in Figs. 5(a) and 5(b), respectively.

Overall speaking, the antenna proposed in this work is
matched by a band-pass filter to mitigate the variation of the
reactance, and a resistance transformer to transfer the high
resistance back to 50-Ω across the target band. The equivalent
circuit of the FWD itself contains a shunt resonator, which is
the first stage of the filter. Two tuners, i.e., a serial resonator
and a shunt resonator, are introduced in the matching circuit
to form a three-stage band-pass filter, as shown in Fig. 4.
Followed by the band-pass filter, the third tuner is a quasi-
quarter-wavelength transmission line (TL) used to tune the

(a)

(b)

Fig. 5. Physical implementation of the matching circuit. (a) Perspective view
of the horizontal aperture. Note that the director and the vertical branches of
the FWDs are hidden for clarity. (b) Perspective view of the vertical baluns.

resistance. The additional band-stop filter shown in the figure
is not compulsory for impedance matching and it will be
discussed in the next subsection.

Since the proposed antenna consists four FWDs and they are
excited simultaneously, all of the FWDs need to be matched.
A straightforward solution is to replicate the matching circuit
for one FWD by four; but this will occupy an unacceptable
size. Instead of replicating all the matching components, only
the serial resonator is replicated by four while the other
components remain the same.

As shown in Fig. 5(a), there are four FWDs and four
pairs of serial LC resonators on the horizontal aperture. The
capacitances are provided by the parallel plate capacitors
formed by FWD printed on the front side and small piece of
metallic pads (wc×lc) printed on the back side of the horizontal
PCB. The inductances are provided by the coupled lines with
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high characteristic impedance, which are also printed on the
back side of the horizontal PCB. Note that for each FWD, two
serial LC resonators are employed to maintain the balance and
there are eight serial resonators in total. In addition, as shown
in Fig. 5(a), a rectangular pad (we × le) is etched on each
FWD to avoid unwanted resonating mode that deteriorates the
radiation pattern.

As indicated in the red box of Fig. 4, by placing a
differential voltage across AC or BD, all the four FWDs
are excited and−45

◦ or +45
◦-polarized radiation is gener-

ated, respectively. The four pairs of LC resonators transfer
the input impedanceZFWD to ZAC/ZBD . The impedances
ZAB = ZBC = ZCD = ZDA are equal to the input impedance
of the dipole in series with the serial resonator, i.e.,ZFWD+SR.
According to the schematic diagram of the dipole connection,
the impedances

ZAC = (ZAB + ZBC )//(ZAD + ZDC) = ZFWD+SR,

ZBD = (ZBC + ZCD)//(ZBA + ZAD) = ZFWD+SR.
(1)

Therefore, matching the impedancesZAC or ZBD is equivalent
to matchingZFWD+SR.

The circuit to matchZFWD+SR (ZAC or ZBD) is shown
in the blue box in Fig. 4 and is implemented on the vertical
PCB as shown in Fig. 5(b). Since a FWD at its anti-resonance
can be modelled by a shunt LC resonator, which works as the
first stage of ladder-type band-pass filter, and the second stage,
i.e., the serial LC resonator, is also included inZFWD+SR, we
only need one more shunt resonator acting as the third stage
to complete the band-pass filter design. The shunt resonatoris
realized by a coupled line shorted to the ground (SL), i.e., the
main part of balun, and an open transmission line (OL). SL and
OL are implemented on the back and front sides of the vertical
PCB as shown in Fig. 5(b). The 1:1 transformer represents the
coupling between the microstrip lines and the coupled lines
printed on the two sides of the substrate. Following the shunt
resonator is the resistance transformer realized by a quasi-
quarter-wavelength microstrip line near the center frequency.

We remark that the optimization was firstly conducted based
on the circuit model shown in Fig. 4 in a circuit theory
simulation environment as it is much faster than that in a
full-wave simulation environment. Once the initial valueswere
determined, a physical model was then constructed in a full-
wave simulation software, as shown in Fig. 6. In this work,
all the simulations were conducted in CST Microwave Studio
2017 as it contains both a circuit-theory simulation module
and a full-wave simulation module.

The optimized dimension values of the feed networks are
listed in Table I. Fig. 7 plots the simulated reflection coeffi-
cients and HPBW at the two ports of the antenna. Note that
the results are obtained without the extra filters. It is shown
that, with the optimized matching networks, the antenna hasa
wide impedance bandwidth, i.e., from 1.63 to 3.71 GHz with
a fractional bandwidth of 78%, for both the two polarizations.
Compared to the FWD with a standard configuration having a
bandwidth of 32% [10], the achieved bandwidth by the FWDs
with tightly-coupled square loop configuration is significantly
wider. Moreover, the achieved bandwidth is also wider than the
comparable tightly-coupled HWD square loop arrays which

Fig. 6. Perspective view of the resultant tightly-coupled FWD square loop
array.

TABLE I
DIMENSIONS OF THE FEED NETWORKS (IN MILLIMETERS )

Parameter Feed A Feed B Description
L_SL 19.2 14.4 Length of SL
g_SL 3 3 Width of the gap between SLs
L_OL 16.04 15.7 Length of OL
W_OL 0.23 0.4 Width of OL
L_TL 14 15.86 Length of TL
W_TL 0.75 0.82 Width of TL
L_cable 16.46 13.49 Length of the 50-Ω cable
W_cable 1.94 1.94 Width of the 50-Ω cable
L_f ilter 13.3 13.49 Length of the filter line
W_f ilter 1.3 1 Width of the filter line

g_f ilter 0.3 0.3
Distance between the filter and the
50-Ω cable
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Fig. 7. Simulated reflection coefficients and HPBWs at the twoports of the
tightly-coupled FWD square loop array antenna.

usually have the bandwidth of 45% [16, 31]. Even compared
with the state-of-the-art base station antennas [21–27], this
bandwidth is comparable or wider. Meanwhile, the HPBWs
are very stable across the target band from 1.7 to 3.6 GHz.

C. Additional band-stop filter

The obtained antenna has an impedance bandwidth from
1.63 to 3.71 GHz, which well covers both the 3G/4G and 5G
cellular bands, i.e., 1.71-2.69 GHz and 3.3-3.6 GHz. How-
ever, the radiation in the spectrum in-between is unwanted.
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Fig. 8. Perspective view of the vertical baluns with additional band-stop
filters.

Therefore, like some filtering antennas [32–34], to make this
antenna more practical for the 3G/4G/5G co-existing system, a
band-stop filter is inserted at the end of each matching circuit
to suppress the radiation between the two bands. As shown in
Fig. 8, the additional band-stop filters are implemented using
additional microtrip lines coupled with the 50-Ω cable lines.
The dimensions of the optimized filters are also listed in Table
I. Note that the filters are designed on the basis of the attained
antenna shown in Fig. 6. The dimensions of the other parts
of the feed networks are unchanged. We remark that the pass-
band and stop-band performance can be further improved by
conducting an overall optimization considering both the filter
design and the matching circuit.

Usually, the required band-stop filters are included in the TR
module attached under the reflector of a base station array. In
this work, the feed network is designed to have an ability to
suppress the radiation across the unwanted band, which can
take some loads from the TR module and lower the cost of
the entire system.

Figs. 9(a) and 9(b) compare the reflection coefficients and
transmission coefficients, respectively, at the two ports of
the antenna with and without the extra band-stop filters. As
shown in Fig. 9(a), by adding extra band-stop filters, notice-
able notches between 2.8 and 3.3 GHz are attained without
deteriorating the impedance matching across the two useful
bands (1.7-2.7 GHz, 3.3-3.6 GHz). Meanwhile, as observed
from Fig. 9(b), the extra band-stop filters only introduce small
changes to the transmission coefficients between the two ports.
With or without the filters, the |S12| remains to be < -28 dB.

Although the band stop performance resulting from the
filters is not excellent, the cost of achieving the notches is
simply two additional microstrip lines coupling with the feed
lines. Here we claim that, with the proper matching technique,
the size of the feed networks can be minimized and the
saved space can be used for other purposes. For example, in
this work, a band-stop filter is inserted to each of the feed
network, which could release the load of the filters in the T/R
module. Moreover, as shown in Fig. 5(b), the 50-Ω cables and
filters in the feed networks can be replaced by phase shifters,
amplifiers, couplers [35], or other components to achieve other
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Fig. 9. Simulated (a) reflection coefficients and (b) transmission coefficients
at the two ports of the tightly-coupled FWD square loop arrayantenna with
and without the band-stop filters.

functionalities for different applications.

III. FABRICATION AND TEST

A. Antenna fabrication

Fig. 10(a) shows a disassembled view of the final antenna
model ready for fabrication. As shown in the figure, the an-
tenna can be divided into six components, including five PCB
designs and one metal ground. These parts were fabricated
separately and assembled thereafter. In this work, the metal
ground was made by an aluminum board with a thickness
of 1 mm. The substrate of the PCBs is FR4 withε = 4.3

and tanδ = 0.021. The thicknesses of PCB 3 and all the
other PCBs are 0.5 mm and 1 mm, respectively. All the PCBs
have metal printed on their both sides and the metal areas
are highlighted in dark red color in Fig. 10(a). Details of the
metal patterns on the PCBs are illustrated in Figs. 5, 6, and
8. Tab-and-slot structures are designed on each component to
facilitate the assembly.
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(a)

(b)

Fig. 10. (a) Disassembled view of the antenna configuration.(b) Photo of
the fabricated antenna prototype.

The specific assembly procedure is as follows. First, thanks
to the properly designed slots on the baluns (details of the
layouts are shown in Fig. 8), PCBs 4 and 5 were plugged
together perpendicularly, forming into an inter-crossingbalun
(PCB 4+5). Note that the slot etched on balun A (PCB 4)
used for assembly breaks the balun, which can deteriorate the
matching performance. Therefore, to ensure a good shorting
for balun A, after the two baluns were plugged together, an
extra shorting pad was inserted into the extra slot on Balun B,
as shown in Fig. 8. Then the substrate tabs designed on PCBs
2, 4, and 5 were inserted into the corresponding slots etched
on PCBs 1 and 3, as shown in Fig. 10(a). The components
were fixed together by soldering, i.e., PCBs 1 and 2 were
fixed together by soldering the top tabs of PCB 2 onto the
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Fig. 11. Simulated and measured (a) reflection coefficients and (b) transmis-
sion coefficients of the dual-polarized square loop antennaarray employing
four FWDs.

small pieces of metal on the top side of PCB 1; PCBs 2 and 3
were fixed together by soldering the vertical dipole branches
on PCB 2 onto the horizontal dipole branches printed on the
top side of PCB 3; PCBs 3 and 4+5 were fixed by soldering
the top of SLs on the baluns (PCBs 4+5) onto the coupled
lines printed on the backside of PCB 3. Finally, the assembled
antenna model was plugged into and soldered onto the metal
ground. A photo of the attained antenna prototype is shown
in Fig. 10(b).

B. Test results

The obtained antenna prototype was also tested. The sim-
ulated and measured reflection and transmission coefficients
of the two polarizations are plotted in Figs. 11(a) and 11(b),
respectively. It is observed that the measured results agree
well with the simulated ones. According to the measurement
results, the reflection coefficients for both the two polarizations
are < -10 dB and the isolation between the two ports are < -28
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Fig. 12. Simulated and measured co- and cross-polarizationradiation patterns
in the horizontal plane (x-z plane) of the +45

◦-polarized antenna at 1.7, 2.0,
2.4, 2.7, 3.3, and 3.6 GHz.

dB across the two target bands, i.e., 1.7-2.7 GHz and 3.3-3.6
GHz.

The radiation performance of the antenna was measured in
the anechoic chamber at Data61, CSIRO, located in Mars-
field, Australia. The simulated and measured co- and cross-
polarization patterns in the horizontal plane (x-z plane) of
the +45

◦-polarized antenna are shown in Fig. 12. Note that
only the patterns for one polarization is shown here since
the results for the other polarization are necessarily the same
due to the symmetry of the radiation aperture. Six frequency
samples within the two operational bands were selected. As
illustrated in the figure, the measured results agree well with
the simulated ones and variations of the patterns across the
two bands are minor.

Fig. 13 gives the simulated and measured realized gains
of the dual-polarized antenna with band-stop filters in its
feed networks. In addition, the simulated realized gains of
the antenna without band-stop filter are also included in the
figure for comparison. As illustrated in the figure, the antenna
gain across the band from 2.8 to 3.2 GHz has been noticeably
reduced due to presence of the filters. The measured gains
agree necessarily well with the simulated ones at frequencies
when f < 2.9 GHz. At higher frequencies whenf > 2.9 GHz,
the measured gains are lower than the simulated results. This
is due to the fact that the used coaxial cables in the measure-
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Fig. 13. Simulated and measured realized gains for the two polarizations of
the final antenna and the simulated realized gains of the antenna without the
band-stop filters.

ment, i.e., ENVIROFLEX_316 from Huber+Suhner [36], are
designed to work under 3 GHz, which introduce additional
losses at higher frequencies. The simulated efficiencies ofthe
two polarizations have similar variation trends as the gain
results, i.e., within the two operational bands, the efficiencies
are quite stable (> 80%); within the unwanted spectrum in-
between, the efficiencies are significantly reduced and reach
to nearly 20% at 2.9 GHz. Moreover, the measured HPBWs of
the antenna for both the two polarizations are within58

◦-69
◦

and 62
◦-69

◦ across the 1.7-2.7 GHz and 3.3-3.6 GHz bands,
respectively.

IV. CONCLUSION

This paper promoted the practicality of FWDs by demon-
strating the fact that the bandwidth of FWD can be sig-
nificantly enhanced compared to the FWD with a standard
configuration. A base station antenna employing four FWDs
arranged in a square loop configuration was designed as
an example. Using FWDs other than HWDs to design the
antenna can lead to a larger size. However, in this work, the
FWDs were modified to guarantee that the attained antenna
has a similar aperture size compared to the state-of-the-art
designs based on HWDs. Despite the aperture size is restricted,
the impedance of the resultant antenna still has a typical
FWD behavior and the FWD-based antenna was successfully
matched across a wide fractional bandwidth of 78% from 1.63
to 3.71 GHz. This bandwidth is much wider than that of
the similar configuration based on HWDs (around 45%) and
is comparable to those of the state-of-the-art BSAs (around
70%). The method of enhancing the bandwidth and reducing
the footprint size of FWD proposed is expected to be able to
promote the use of FWDs in the antenna society. In addition,
band-stop filters were embedded in the feed networks with
minimum cost to suppress the radiation at the frequencies be-
tween 2.8-3.3 GHz. Therefore, the obtained antenna is able to
operate at the 1.7-2.7 and 3.3-3.6 GHz bands simultaneously,
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suitable for future 3G/4G/5G co-existing base station antenna
systems.
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