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A Dual-Polarized 1-D Tightly Coupled
Dipole Array Antenna

Hakjune Lee and Sangwook Nam, Senior Member, IEEE

Abstract— A dual-polarized 1-D tightly coupled dipole
array (TCDA) antenna is proposed in this paper. To apply the
TCDA design concept to a 1-D array, we place a conducting
wall with slits and ferrite sheets along the 1-D dipole array.
The simulated dual-polarized 1-D infinite TCDA antenna has
a wide overlapped bandwidth of 2.83:1 (from 1 to 2.83 GHz)
with VSWR < 2, high isolation (>25 dB) between the horizontal
and vertical polarizations (VPs), and low height of 1/5 A at the
lowest operating frequency. A prototype of the proposed array is
fabricated and measured, which consists of nine horizontal polar-
ization (HP) dipoles and eight VP dipoles interleaved between
the HP dipoles. The measured results show high gains >7.2 dB
when scanning up to 30° and a wide half-power beamwidth in
the yz plane >61° over the operating frequency band for both
polarizations, consistent with the simulation result.

Index Terms— Array antennas, base station, dual-polarized
antenna, phased array.

I. INTRODUCTION

UAL-POLARIZED wideband array antennas are widely

used for many applications such as mobile commu-
nication, radars, and electric warfare. The dual-polarized
array should have the following characteristics: 1) horizontal
and vertical polarization (VP) diversity with high isolation
between them; 2) wide bandwidth for covering the many
frequency bands; and 3) low profile for compact array size [1].
These issues have been studied by various types of array
antennas [2]-[14].

The tapered slot array (TSA) or the Vivaldi array, which
is a traveling wave antenna, is a well-known wideband array
antenna [15]. The TSA can have a wide bandwidth and high
gain, but it has a high height and a large cross-polarization
radiation when scanning [2]-[4].

Tightly coupled dipole array (TCDA) is one of the wide-
band and low-profile array antennas proposed by Munk [5].
Recently, various types of TCDAs, which have wide band-
widths of 5:1 [6], 3:1 [7], 6.9:1 [8], and 6:1 [9], have been
developed. They also have wide scan angle <45° for [6]-[8]
and <60° for [9] with mitigated impedance matching criteria
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and a low-profile of less than 1/5 Ajow. Up to date, the
TCDAs have been designed in the 2-D array, giving a pencil
beam pattern.

However, wideband and low-profile 1-D arrays are needed
in several applications such as base station antennas.
As a result, many dual-polarized base station anten-
nas with extended bandwidths and low-profiles were pro-
posed [10]-[15]. However, the bandwidths of the antennas
were limited to 23.7% with 1/4 ljow height [10], 45% with
1/5.48 Aiow [11], 57.8% with 1/4.4 Ajow height [12], and 27.8%
with 1/4.92 Ajow height [15].

In this paper, we propose a dual-polarized 1-D TCDA
antenna by simulating the 2-D TCDA operation condition with
proper sidewall. The designed 1-D TCDA has scan angle up
to £30°, a height of 1/5 Ajow, and the bandwidth of 2.83:1 for
both polarizations when it radiates broadside.

This paper is organized as follows. In Section II,
TCDA theory is briefly explained. Section III shows the
configuration of the proposed array antenna with its operating
principle. The effects of the parameters of the side structure
are also provided. Section IV presents the fabrication of the
1-D TCDA antenna and measured results. The conclusion is
given in Section V.

II. THEORY OF THE TCDA

In this section, we briefly explain the operating principle
of TCDA, before introducing the proposed dual polarized 1-D
TCDA antenna. Although the TCDA theory is based on the
2-D periodic array, it gives the insight of the 1-D periodic
TCDA design.

In 2003, Munk [5] proposed the TCDA concept which is
based on Wheeler’s [18] current sheet array. TCDA is an infi-
nite 2-D array on the ground plane as shown in Fig. 1(a). The
properties of an infinite 2-D periodic TCDA can be equivalent
to those of a unit dipole in a virtual waveguide, which
is presented in Fig. 1(b). The virtual waveguide consists
of the perfect magnetic conductor (PMC) boundary parallel
to the dipole direction and the perfect electric conductor
(PEC) boundary perpendicular to the dipole direction. The
transverse electromagnetic (TEM) mode can exist in the
waveguide because of this particular boundary condition.
Therefore, the waveguide can be regarded as a transmission
line, and its characteristic impedance and wavenumber are
given by [18]
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Fig. 1. (a) Sketch of an infinite TCDA including a ground plane and
a superstrate. (b) Unit cell of the TCDA. (b) Equivalent circuit of the
TCDA (TEM mode).

where ¢ is the permittivity of the material inside the
waveguide, and u is the permeability of the material inside
the waveguide.

Munk also proposed a simple equivalent circuit of the
TCDA as shown in Fig. 1(c). The characteristic impedances
of the transmission line Zp and Zg,p are determined by (1).
Likewise, the wavenumber k¢ and kg, are determined by (2).
The C., and Lg; are coupling capacitance between the
neighboring dipoles in close proximity and inductance of
the dipole, respectively. The TCDA can have a wide band-
width and low profile, because input impedance, Zj, =
Zy//Z4q + Zant, can have improved impedance matching
in wideband that starts at low frequency. Especially, the
C¢p can compensate the inductance looking into the ground
plane Z,.

III. DESIGN OF THE DUAL POLARIZED 1-D TCDA

All TCDAs have been previously studied and implemented
in a 2-D structure. However, there are several applications
that need 1-D arrays which have wideband and low-profile
characteristics. In order to design such a 1-D array, which is
based on the operation principle of 2-D TCDA, we use a con-
ducting wall with slits and ferrite sheets for a dual-polarized
1-D TCDA with fan beam radiation pattern. A detailed expla-
nation is given in the following sections.
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Fig. 3. Configuration of dipoles for both polarizations. (not scaled) (a) Front
side of the HP dipole. (b) Back side of the HP dipole. (c) Front side of the
VP dipole. (d) Back side of the VP dipole. (hp = 45, I = 72, g = 1,
hp =30, hyp =12.6, hypp =154, hpz =2, hpg =28, hyps =1, wy; = 0.5,
wpy = 0.7, wpz = 1, wpg = 0.5, wps = 1, wpe = 0.5, 6, = 30, [, = 62,
hy = 30, hyp = 30, hyp =28, hy3 = 1, wy; = 1, wyy = 0.5, wyz = 1,
wyq = 0.5, and 6, = 30. Units: mm; degree for parameter 6y, 6, only.)

A. Antenna Structure and Operating Principle

Let both polarization dipoles be arranged in the x-direction,
as shown in Fig. 2. Then, the PEC boundary conditions
for VP and the PMC boundary conditions for horizontal
polarization (HP) are inherently given, as shown in Fig. 2
(dotted red and blue lines). As the boundary conditions on
both sides of the dipoles are open boundaries, additional
side structures are required on both sides of the dipole to
maintain the 2-D TCDA boundary conditions as shown in
Fig. 1(a) and (b).

Fig. 3(a) and (b) shows the front and back sides of printed
circuit board (PCB) of the designed HP dipole. Also, those of
the VP dipole PCB are shown in Fig. 3(c) and (d). The Rogers
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Fig. 4. Dual-polarized 1-D TCDA with a conducting wall with slits.
(a) Antenna structure. (b) S-parameter response. (not scaled) (L = 70,
W =200, h = 30, hsup = 15, g = 0.3, hg = 60, wy = 1, and ds = 4.
Units: mm.)

RT/Duroid 5880 with a thickness of 0.254 mm, dielectric
constant of 2.2, and dielectric loss tangent of 0.001 are used
as a substrate for both polarization dipoles. The unbalanced
feed lines are used: the feeding lines on the front side of
both polarizations are connected to the SubMiniature version
A (SMA) connector directly, and the feeding lines on the back
side of both polarizations are connected to the ground plane.
Fig. 4(a) shows the 1-D TCDA arranged in the x-direction
with side walls using vertically standing copper slits only. The
element spacing L is determined by the grating lobe formula
L c
Jhi(1 + sin6y)

where the highest operating frequency fy; is 2.83 GHz,
the maximum scan angle s is 30°, and then, L is 70 mm.
The polytetrafluoroethylene (PTFE) with a dielectric constant
of 2.1 and dielectric loss tangent of 0.0 005 is used as the
superstrate. The FR-4 with a thickness of 0.2 mm, dielectric
constant of 4.3, and dielectric loss tangent of 0.025 is used
as the dielectric board of the copper strips. The dielectric
board stands vertically from the ground plane to h, height.
The copper strips, the width, and the distance between the
neighboring strips of which are w; and dj, respectively, are
separated from the ground plane by gs, and its height is 4,.
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Fig. 5. Proposed dual-polarized 1D TCDA with conducting walls with slits
and ferrite sheets. (a) Antenna structure. (b) S-parameter response. (not scaled)
(s = 0.3, hqg = 60, wy = 1. Units: mm.)

The boundaries parallel to the x-direction operate as a PEC
because the vertically standing copper strips are parallel to the
electric field of the HP. The S-parameter response of the HP as
shown in Fig. 4(b) shows a wide impedance matching starting
from 0.9 GHz. However, the multiple resonances, which are
magnetic coupling resonances between the strips, occur within
the bandwidth. For the VP, the gap capacitance between the
neighboring elements cancels the inductive reactance of the
ground plane at a low frequency. The impedance is matched
from 1.1 GHz. Therefore, the side wall with conducting
slit cannot only satisfy the required boundary conditions for
TCDA operation.

In order to implement the required side wall boundary
conditions for dual-polarized 1-D TCDA, a conducting wall
with slits and ferrite sheet is proposed as shown in Fig. 5(a).
The conducting wall with slits is as described above, and
the ferrite sheet with a thickness of w; and height of
h, is modeled by Fair-Rite Products Corp. M1 material. The
S-parameter simulation result of the proposed array is shown
in Fig. 5(b). For HP, the many magnetic coupling resonances
between the strips disappear unlike in the 1-D TCDA with
slits only. This is due to the decrease of the coupling between
the strips by the ferrite sheet: the large loss of the ferrite
sheet at the magnetic coupling resonance frequencies makes
the Q-factors of the resonances become lower. As a result, the
magnetic coupling resonances are disappeared. The impedance
matching of HP is performed from 0.96 to 2.83 GHz. For
the VP, the ferrite sheets provide high wave impedance as
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Fig. 6.  VSWR and radiation efficiency for both polarizations when the array
radiates at broadside and 30° scanning directions.

a PMC boundary. Consequently, the impedance matching of
the VP is extended toward the low frequency unlike in the
1-D TCDA with a conducting wall with slits. The overlapped
bandwidth is 2.83:1 (from 1 to 2.83 GHz) with VSWR < 2.
The isolation between the HP and VP ports is greater
than 25 dB in the frequency band.

Fig. 6 shows the VSWR and radiation efficiency of the
proposed 1-D TCDA for both polarizations when the array
radiates to the broadside (0°) and 30° scanned directions
in the xz plane. When the proposed array radiates to the
broadside, radiation efficiency is greater than 81%. When the
array radiates to the 30° scanned direction, the overlapped
bandwidth decreases to 2.2:1 (from 1.16 to 2.57 GHz) with
VSWR < 2.3 and radiation efficiency >70%. The VSWR and
radiation efficiency when the scan angle between 0° and 30°
are between the values when the scan angle is 0° and 30°,
respectively.

B. Side Structure Parametric Study

Like optimizing the antenna or feeding line parameters
for a wideband and a low profile in 2-D TCDA [6]-[9],
we investigate the sidewall structure to understand its effect
on the performance of 1-D TCDA.

The effects of the width of the strip (ws;) on VSWR are
presented in Fig. 7(a) and (b). Let the distance between the
center of the strips and the center of the adjacent strip be fixed
at 5 mm (ws; + dy = 5 mm). As w; increases, the bandwidth
of the HP extends slightly toward the low frequencies, and
the impedance matching of the VP becomes worse at a high
frequency because the wide strips operate more like PEC
for both polarizations. For the HP, the wider strips provide
the PEC-PMC boundaries, so that the return loss improves
at a low frequency. For the VP, as the width of the strip
increases, the impedance matching deteriorates because of the
increasing influence of the conductor at high frequencies. The
HPBWs in the yz plane are also affected w; and are shown
in Fig. 7(c) and (d). The half-power beamwidth (HPBW)
increases for both polarizations when the w; increases.
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The effects of the distance from the ground plane to slits (g;)
on VSWR are presented in Fig. 8(a) and (b). When the
slits come in contact with the ground plane (g = 0 mm),
the bandwidth of HP decreases at low frequencies. Increasing
the gy causes the electromagnetic field to leak, thus negatively
affecting the input matching at low frequencies. The VSWR
of the VP does not change because the copper strip does not
affect the VP. The HPBWs in the yz plane according to g are
shown in Fig. 8(c) and (d). When g, increases, the maximum
value of the HPBW decreases for HP at the low frequency.
For VP, the HPBW is hardly influenced.

The effects of the side structure height (k,) on VSWR are
presented in Fig. 9(a) and (b). If &, increases, the boundaries
parallel to the x-direction will behave more like the 2-D
TCDA boundaries. As &, increases, the input matching of the
HP becomes possible from a low frequency to a high fre-
quency, and the input matching of the VP is slightly improved.
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Fig. 10. 3-D radiation pattern (broadside and 30° scan) of fully simulated

proposed array antenna prototype at 1.75 GHz for both polarizations.

Choosing the lowest height that can cover the desired fre-
quency band is reasonable, and therefore we choose h, =
60 mm. The HPBWs in the yz plane according to 4, are shown
in Fig. 9(c) and (d). As h, increases, the maximum HPBW
frequency is lowered. The HPBW of VP at high frequency
slightly increases with increasing 4,,.

Fig. 10 shows the fully simulated 3-D pattern of the
proposed array antenna prototype at 1.75 GHz. The total
array antenna which is identically fabricated is simulated,
and the radiation pattern is fan beam which can move from
broadside (0°) to forward or backward direction (30°).

IV. PROTOTYPE OF THE PROPOSED 1-D TCDA
AND MEASUREMENT RESULTS
A. Fabrication

A prototype of the proposed 1-D TCDA which consists of
1x9 HP dipoles and 1 x8 VP dipoles is implemented as shown

4515

e

Fig. 11. (a) Prototype at three stages of fabrication. (b) Top view of the
implemented 1-D TCDA prototype. (c) Front view of the prototype.

in Fig. 11. For the symmetry of the array, nine HP dipoles
are used and eight VP dipoles are placed between the
HP dipoles. The array prototype is constructed on a 600 mm x
200 mm, 0.12 m? aluminum plate. On the aluminum plate, the
FR-4 substrate which has a thickness of 0.2 mm, a half ounce
of copper cladding on both sides, and the same size of the
aluminum plate is used for soldering dipoles and ground
planes. First, the dipoles of both polarizations are soldered
onto the SMA connector and the FR-4 substrate at each
feeding spot. The spacers are fixed on the ground plane using
nylon screws, and then the superstrates were fixed on the
spacers using the screws. As mentioned above, the superstrate
is implemented by blocks of PTFE (g, = 2.1) which has a
thickness of 15 mm. To complete the prototype, additional
PTFE blocks are used at the ends of the array. Finally, the side
structures are placed and fixed on both sides of the dipoles.

B. Measurement Results

The radiation pattern of the array prototype is measured
in the anechoic chamber. The measurement process is based
on the unit excitation active element pattern method [20].
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Fig. 12.  Simulated and measured radiation patterns of the prototype array.

TABLE I
COMPARISON OF THE PERFORMANCES FOR THE PROPOSED AND REFERENCE ANTENNAS

. . . . . HPBW in the . . Array
Ref Dimension (mm) Bandwidth Height (Mow) Isolation (dB) vz plane (°) Gain (dBi) (scan angle)
[10] 130 x 130 1.71 ~2.17 GHz (23.7 %) 1/4 >34 ~70 >8 No
[11] 280 x 280 1.71 ~ 2.72 GHz (45.6 %) 1/5.48 >30 NG >8.9 No
[12] NG 1.6 ~ 2.9 GHz (57.8 %) 1/44 ~30 65+ 10 >15.5 8-clement
(No scan)
360 x 280 1.54 ~2.86 GHz (60.0 %) 1/4.32 ~8 8-element
[13] 700 x 280 1.47 ~ 3.00 GHz (68.4 %) 1/4.54 NG 93+35 ~14 (No scan)
140 x 140 o 68+2 ~8.2 S-element
[14] 600 x 140 1.70 ~2.70 GHz (45.5 %) 1/5.07 >25 66.56 +2.22 145 (8°)
140 x 140 o >25 66.3+29 >8 10-element
[15] 1370 % 140 1.7 ~2.25 GHz (27.8 %) 1/4.92 >30 65+5 >15.8 (8°)
Thi 9-HP element,
1S 600 x 200 1 ~2.83 GHz (95.6%) 1/5 >25 >61 > 8.6 8-VP element
work (30°)

*NG: not given

According to the method, all element patterns that include postprocessing. The overall array E-field pattern is obtained
mutual coupling with the surrounding array environments as follows [20]:

and the other elements are individually measured with N

50-Q termination at all the other ports. Then, the total number E@, ¢) = Z Vigi (0, ¢) 4)
of patterns at various scan angles can be synthesized through im1
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Fig. 13.  Simulated and measured broadside gain of the prototype array.
(a) HP. (b) VP.

where V; is the complex-valued feed voltage applied to the
ith element, N is the number of array elements, and
gi (0, ¢) is the complex-valued field pattern generated by the
unit excitation of the ith element.

The normalized simulated and measured patterns at 1, 1.75,
and 2.5 GHz for both polarizations are presented in Fig. 12.
The measured patterns are in good agreement with the sim-
ulated patterns. The radiation pattern of the prototype array
antenna has a wide beamwidth in the yz plane with a low
cross-polarization level less than —10 dB for both polar-
izations. The xz plane patterns show that the array can be
scan to the desired direction in the xz plane up to 30° for
both polarizations. In Fig. 12, only the downtilt patterns are
presented, but the uptilt can also be possible because of the
symmetric of the array. The grating lobe is not shown over
the frequency range in 1-2.83 GHz for both polarizations.
The front-to-back ratio is greater than 10 dB in both planes
for both polarizations without any additional reflector, and it
may be improved by the additional reflector [21], [22].

Fig. 13 shows the measured realized gain versus fre-
quency. The simulated gains are obtained from the simulations
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Fig. 14.  Simulated and measured broadside gain of the prototype array.
(a) HP. (b) VP.

of the full array that are identical to the prototype array
(1 x9 HP dipoles and 1 x 8 VP dipoles). The measured result
shows a good agreement with the simulation result. When the
array radiates to the broadside (0°), the array gains achieved
for both polarization arrays are higher than 8.6 dB, in the
operating frequency band (1-2.83 GHz). Moreover, the cross-
polarized gain is greater than 10 dB below the co-polarized
gain. When the array radiates to a slanted angle, a slight
gain decline is observed in both polarizations. This result is
in accordance with the widened beamwidth in the xz plane
and the deteriorating VSWR at a large scan angle. However,
the scanned gain maintains the high gain over 7.2 dB at the
frequency band for both polarizations. Thus, the proposed
array antenna can cover a wide scan angle over a wide
bandwidth.

Fig. 14 presents the simulated and measured HPBW for
both polarizations. The HPBW of the HP in the yz plane is
greater than 61° and that in the xz plane is less than 33° over
the frequency band. The HPBW of the VP in the yz plane is
greater than 83° and that in the xz plane is less than 31°
in the frequency band. At high frequencies, the measured
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HPBW in the xz plane is greater than that in the simulation.
The difference may be due to the effect of the current being
greater than the simulation on the ground plane. As previously
mentioned, the HPBW in the xz plane is broader when the
scan angle is large. For both polarizations, the HPBWs in the
yz plane may be stable by adding the reflector.

The overall antenna performances of our proposed antenna
are compared with the reference antennas [10]-[15] are listed
in Table 1. The proposed antenna accomplishes a conspicuous
enhancement in its bandwidth maintaining a low profile and
wide scan ability.

V. CONCLUSION

A dual-polarized 1-D TCDA antenna using conducting walls
with slits and ferrite sheets is presented in this paper. The
conducting walls with slits and ferrite sheets provide a PEC
boundary to the HP and a PMC boundary to the VP, so that
the element in the 1-D array seems as if it is located in the
2-D TCDA structure. Moreover, the ferrite sheets alleviate the
magnetic coupling resonances of the slits. Therefore, the array
antenna achieves a wide overlapped bandwidth of 2.83:1
(1-2.83 GHz) with low total height of 1/5 Ajow, high isolation
>25 dB, and large unit cell spacing of 1/1.5 Anignh. The pro-
totype of the proposed 1-D array with nine HP elements and
eight VP elements interleaved is implemented. The prototype
shows a high gain >7.2 dB when scanning up to 30°, and a
wide HPBW in the yz plane >61° is observed in the operating
frequency band for both polarizations. The array antenna can
be used in 1-D phased array systems such as a base station
array antenna.
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