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Abstract—1In this paper, a wideband, low-profile, 1-D tightly
coupled dipole array (1-D TCDA) antenna with vertical metal
strips (VMSs) is proposed. The 1-D TCDA has a limited scanangle
due to variations in vertical wave numbers according to the
scanangle. Floquet theory and the electric field profile can be used
to analyze the theory of a TCDA, obtaining scan-independent
characteristic. Removing some metal strips from the side walls
also improved the radiation efficiency. The overlapped impedance
bandwidth (IBW) for dual polarization was 0.8-2.5 GHz (3.1:1)
for VSWR < 3, and the maximum scanangle was £50°. The
radiation efficiency was over 70% within the IBW and maxi-
mum scanangle. The measurement results show that the gain
was 7.0-12.4 dB for vertical polarization and 7.3-15.4 dB for
horizontal polarization within the IBW and maximum scanangle.
Furthermore, the height of the antenna was 0.131;,,, at the lowest
operating frequency, and the overall dimension of the full array
structure was 1.694 15w X 0.59A1ow X 0.13X 0w -

Index Terms— Low-profile antenna, phased array antenna,
radiation efficiency, tightly coupled dipole array (TCDA), wide-
band antenna, wide scannable antenna.

I. INTRODUCTION

IDEBAND phased array antennas are widely used in

many applications, such as communication systems,
radar systems, and electronic warfare antennas. Phased array
antennas can steer the main beam and provide communica-
tion links in different directions. A tapered slot array (TSA)
antenna or Vivaldi array antenna is a well-known extremely
wideband array antenna [1]-[5]. However, the height of this
antenna is lofty because it supports traveling waves. On the
other hand, the microstrip type can be an extremely low-profile
array antenna but the bandwidth is very narrow [6].

The 2-D tightly coupled dipole array (TCDA) antenna has
been proposed to implement low-profile array antennas [7].
The TCDA is a dense array of dipoles that overlap each other
to imitate a current sheet array (CSA) for wide bandwidth [8].
It has wideband and good scan performance [9]-[11]. How-
ever, its applications are limited because it can only be
implemented as a 2-D array. Thus, in recent years, 1-D
TCDA versions have been proposed [12]-[15]. The 1-D array
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antenna can be used for many applications, such as base
station antennas. By establishing impedance surface walls on
both sides, Lee and Nam [12] found that the dual-polarized
2-D TCDA can be reduced to a 1-D TCDA. Folded dipoles
and vertical ground planes were used in [13] to compensate
for the coupling capacitance, and a single-polarized TCDA
was proposed in [14], using parasitic metal strips on dipole
antennas for wide impedance bandwidth (IBW). Extremely
broadband 1-D TCDA (30:1) has been proposed for body-
worn applications [15], which is possible as it does not have
any horizontal metallic ground plane.

However, the boundary condition of the extant 1-D
TCDA [12] is imperfect, especially when scanning the beam.
When scanning the beam, the impedance matching becomes
poor. In 2-D cases, many efforts [16]-[18] have been made
to have a wide scan-angle performance, with light weight
and low cost. Wide angle impedance matching (WAIM) was
proposed in [16]. A high dielectric constant slab is placed
over the antennas. However, when the slab is placed at a
proper position, the height inevitably becomes lofty and the
bandwidth becomes narrower. An advanced version of WAIM,
with a metasurface, was used in [17] to steer the beam more
widely. However, it still has a lofty height and the bandwidth
is narrow. By placing a frequency selective surface (FSS)
on dipole antennas, Yetisir et al. [18] found that the beam
can be steered up to £70°. Therefore, in the 1-D case, the
antenna [13] used this FSS for both polarizations, and it can
steer the beam up to £60°. However, the greatest disadvantage
of FSS is that its height is lofty.

In this paper, the proposed antenna has been designed
based on the one described in [12]. Compared with the 1-D
TCDA in [12], it is clear that this work is better in terms
of beam scanning and impedance matching property. Also,
Wilkinson power divider/combiner is used for the feeding
structure in [13] and [14], which makes the antenna height
larger even though the bandwidth can be wider. The main
purpose of this paper is to propose a method for wide beam
scanning or for a low-profile array antenna. The degradation
of impedance matching with beam scanning is discussed, and
the effect of vertical metal strip (VMS) on phased array
is presented. The main reason for the impedance mismatch,
especially at the low-frequency band, is analyzed carefully by
the Floquet theory and the electric field profile. By placing the
VMS under the dipole, the impedance matching is improved
at a low-frequency band. The concept of VMS is expected
to be applicable not only for TCDA but also for many other
phased array antennas.
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Fig. 1.  (a) Ideal boundary condition of the unit cell of a TCDA when
scanning to § = 6. (b) Equivalent circuit of the unit cell.

The rest of this paper is organized as follows. Section II
introduces the theory of a 2-D and 1-D TCDA. Section III
shows the configuration of the proposed array antenna, includ-
ing its operating principle. Section IV presents the experimen-
tal results for the proposed array antenna and the table of
performance comparisons. Section V offers conclusions drawn
from the findings.

II. THEORY OF A 2-D AND 1-D TCDA
A. Theory of a 2-D TCDA

This section introduces the theory of a 2-D TCDA. Fig. 1(a)
shows the boundary condition of a unit cell of a TCDA
simulating a uniform current sheet [19]; Fig. 1(b) shows the
equivalent circuit of the unit cell. The unit cell can be seen in
a PEC/PMC waveguide, and the waveguide is steered when
feeding the elements by different phases. Lyipoie Tepresents
a self-inductance of the dipole, and Ceoupiing Tepresents a
gap capacitance between the dipoles. Z5H () and k0
are the characteristic impedance and fundamental propagation
mode to the z-direction, respectively, which can be changed
by conditions such as scanangles, materials, and operating
frequencies. To express them, the information about a material
and a beam scanangle is required. The modal admittances of
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the fundamental TE and TM Floquet modes, given in [20], are
the following, respectively:

+ —_
YTE+ — kzOO YTE— — kzOO (1)
00 ouo’ o
WENE _ we(
Yo't = YT = @)
kzOO kzOO

The superscripted positive sign represents the positive z
direction, and the superscripted negative sign represents the
negative z direction. Furthermore, ¢, is the relative dielectric
constant, which is to be &g, in the superstrate and 1 in

free space. For both modes, k;BO = \/ erkd — k20 — k§00 and

koo = kg — k290 — ki()()’ where ko is the wave number in

free space.

In this configuration, when the beam is steered in the
H- and E-planes, the TE mode and TM mode, respectively,
are dominant. In fact, the TE and TM modes exist simulta-
neously when scanning the beam to a direction outside the
H- and E-planes. When scanning the beam in the H- and
E-planes, the characteristic impedances of the transmission
lines, expressed in [21], are the following, respectively:

dp 1 urdeg 1
©0) du Y§E 10\ e, di costy )
dp 1 tr dg
7ZEO) = == —— = — = cosb 4
(6o) dy YT 0N o o )

where 6y is the beam’s scanangle, 7o is the characteristic
impedance in free space, and p, is the relative permeability.
Moreover, dr and dy are the length of the unit cell denoted
in Fig. 1(a)

Zin = Zantenna + Zupper || Ziower (5)

. 1
Zantenna = ]a)Ldipole + (6)
JOCcoupling

E.H JEsuwp +J tan(kzz)ohsup)
Zupper = Z%"(bh) ; T
1+ j /Esup tan(k oo sup) S
)
Ziouer = JZ5M ) tanlhggh)| ®)

where o is the operating angular frequency and /4 is the spacing
between the dipole and the ground plane.

The operating principle of the TCDA is based on the
impedance matching at a low-frequency band, which indi-
cates the implementation of a low-profile antenna. At a low-
frequency band, Zj,yer is inductive because of the ground
plane. However, this is compensated by the gap coupling
Ceoupling- At a high frequency, Zj,yer is capacitive and com-
pensated by self-inductance Lyipore. As a result, from a low-
frequency band to a high-frequency band, Z;,, can be matched.

Note that in (8), k,h = koh cost) is a function not only
of the beam’s scanangle but also of the beam’s frequency.
Therefore, Zjer 1 a function of the frequency and the beam
scanangle. When the beam is steered along the E- or H-plane,
the Zj,wer goes to zero, which is a similar effect to operating
at a lower frequency band. Nevertheless, beam scanning along
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Fig. 2. (a) Dimensions of the proposed unit cell antenna without superstrates.
(b) Description of the front side. (c) Description of the VMSs. (d) Configura-
tion of the full array structure (10 VP elements and 11 HP elements, overall
dimensions: 635 x 220 x 50 mm3)4

the H-plane is less sensitive than it is along the E-plane due to
the 1/cos Oy term in (3). As a result, because Z,p.r also varies
with the frequency and beam scanangle, but Z,pper //Zjower is
dominated by Zj,,,.r When the beam is steered in the E-plane
at a low-frequency band, the impedance matching (5) becomes
very poor.

Section III-B presents our solution to this problem.

B. Theory of a 1-D TCDA

To reduce the dimensions of a dual-polarized 2-D TCDA
to a dual-polarized 1-D TCDA, an impedance surface wall
must be established on both sides, as shown in Fig. 2(d),
and satisfy the boundary condition for both polarizations [12].
The impedance wall comprises metal strips and a ferrite sheet,
as shown in Fig. 4(a). Metal strips only satisfy the boundary
condition of HP dipoles (x-direction polarized) as a PEC wall,
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Fig. 3. Dimension of PCB. (a) Front side of HP. (b) Back side of HP.
(c) Front side of VP. (d) Back side of VP.

and the ferrite sheet only satisfies the boundary condition
of VP dipoles (y-direction polarized) as a PMC wall. Based
on those conditions, the dimensions of a dual-polarized 1-D
TCDA can be reduced.

III. DESIGN OF THE PROPOSED ARRAY ANTENNA

The configurations of the simulated unit cell antenna and
the full array structure are shown in Fig. 2. The dimensions
in Fig. 2(a) are as follows: L = 60 mm, W = 220 mm,
H =50 mm, Wy = 025 mm, D = 15 mm, U = 70 mm,
Cp =15mm, Cygp = 1.5 mm,d =1 mm, g =15 mm,
and g = 0.5 mm. The dimensions in Fig. 2(b) are as follows:
hgypr = 19.08 mm, hgypz = 3.18 mm, and hy = 27.74 mm.
Fig. 2(c) shows the enlarged VMS structure. There are gaps in
the VMSs. Without these gaps, the VMS acts as a monopole
antenna with a resonance in the TCDA operation bandwidth,
which makes the impedance matching poor. This unit cell
antenna is simulated when it is infinitely periodic along the
y axis. This antenna is also fed by a single-ended coaxial
cable. To obtain the wideband characteristic, a superstrate with
two layers was used. The superstrate (thickness = 22.26 mm)
was stacked with Taconic TLY-5 (¢, = 2.2, tand = 0.0009,
and thickness = hgyp1) and Taconic RF-35A (e = 3.5,
tand = 0.0016, and thickness = hgyp2) dielectric material.
The dimensions of the TLY-5 PCB for VP and HP dipoles are
shown in Fig. 3. A bow-tie dipole antenna was used, and the
feeding line comprised a stepped impedance line on the front
side of the PCB.

A. Modification of the Side Walls

When designing the unit cell at a specific frequency, res-
onance can occur on the side walls when the length of a
unit side wall is approximately one effective wavelength,
i.e., 1.6 GHz in this case. This resonance degrades the radiation
efficiency because strong magnetic losses occur on the ferrite
sheets, especially for parts with high power losses, as shown
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Fig. 4. (a) Configuration of the conventional side wall. (b) Power loss density
on the ferrite sheet. (c) Configuration of the modified side wall. (d) Power
loss density on the ferrite sheet.
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Fig. 5. Radiation efficiency of the (a) conventional and (b) proposed array
antennas for both polarizations.

in Fig. 4(b). Therefore, the metal strips corresponding to the
high power losses were removed, and the radiation efficiency
improved from 51% to 73% at the resonance frequency,
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Fig. 6. yz plane from Fig. 2(b). Only VP dipoles are excited at 0.8 GHz
and the TM mode is dominant. Electric field profile (a) without VMSs and
(b) with VMSs, both when scanning the beam at §y = 0°. Electric field
profile (c) without VMSs and (d) with VMSs, both when scanning the beam
at 6y = 50°.

as shown in Fig. 5. The radiation efficiency was over 70%
within the operating IBW. The height of the side wall
was chosen experimentally to be low for better impedance
matching. Due to the fact that only two strips per sheet were
removed, the impedance matching characteristic is slightly
affected.

B. Implementation of a Low-Profile Array Antenna

As mentioned in Section II, when scanning the beam,
the impedance matching was poor because the impedance is
matched when scanning to the broadside, when the propaga-
tion mode was the TEM mode, which means that the electric
and magnetic fields were perpendicular to the z-axis. As shown
in Fig. 6(a) and (c), however, k,, decreased when scanning
to the other direction.

However, if the VMSs are established at proper positions,
only the transverse electric and magnetic fields exist in the
VMS region with k,, = ko, even when scanning the beam
along the E-plane, as explained in [22]. It means that the TM
mode (not TE mode) incident on the VMS region is converted
into the special transmission-like mode, with k,,, = ko in
VMS region as shown in Fig. 6(d) so that the electrical length
between the dipole and the ground plane is not a function
of the scanangle. Also, Z(#y) can be shown to be 377 Q
with any scanangles. As a result, the array antenna with VMS
can operate as a low-profile antenna since (8) is constant with
scanangles.

In addition, 1-D TCDA was implemented using impedance
surface walls made for both polarizations, where VP dipoles
see only metal strips as PEC wall and HP dipoles see only
ferrite sheets as PMC wall. However, when scanning the beam
and steering the field profile, they are no longer the intended
boundary surface walls and the impedance matching is poorer.
However, by the proposed method, it can be improved.
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Simulated VSWR of the antenna (a) without VMSs and (b) with

Fig. 7 shows the simulated VSWR for both polarizations.
At a low-frequency band, the impedance matching without
VMSs was very poor, but the impedance matching with
VMSs improved significantly, even at other frequencies. As a
result, the height was reduced from 0.2411oy to 0.13 110w
when scanning up to 50° at the lowest operating frequency
for VSWR < 3 within the overlapped band. Furthermore,
the operating IBW was 0.8-2.5 GHz (3.1:1).

IV. SIMULATED AND EXPERIMENTAL RESULTS FOR THE
PROPOSED FULL ARRAY ANTENNA

The prototype of the full array antenna is shown in Fig. 8.
The dimensions are 635 x 220 x 50 mm?>. There are 10 and
11 VP and HP dipoles, respectively, which are different for
symmetric configuration. The superstrates are supported by
Rohacell materials whose relative permittivity is nearly one.

The EM simulation of the proposed full array antenna was
performed by the CST commercial EM tool. The radiation
pattern of the array antenna was measured in an anechoic
chamber.

The normalized gain pattern is shown in Fig. 9. On both
the xz plane and the yz plane, the measurement results were
in good agreement with the simulation results. In addition,
the beamwidth was slightly wider when scanning the beam,
and it became narrower as the frequency increased. Note that
even though the VMSs were positioned between the dipoles,
the radiation pattern was not odd. The measurement process
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Fig. 8. Configuration of the proposed array antenna (a) without and (b) with
superstrates. (c) Measurement setting, only one port is excited and others are
50 Q matched terminated.

was based on the superposition of the active element pattern
[23]. In this method, one port is excited, and the others are
matched terminated, as shown in Fig. 8(c). Then, the pattern
is the active element pattern, which considers mutual coupling
effects. In this way, all ports are performed individually.
Finally, the superposition of each result was the total radiation
pattern for both HPs and VPs. This procedure was performed
using the following:

N
E@,$) =) Vigi©, ) ©)
i=1

where V; is the complex value of excitation, i is the number
of ports, and g; (0, @) is the active element gain pattern of
the ith element. The beam can be steered by inputting a phase
to V;.

The half power beam width (HPBW) for both polarizations
is shown in Fig. 10. For VP, the HPBW was wider than 85°
on the xz plane and narrower than 43° on the yz plane within
the operating IBW. For HP, the HPBW was wider than 57°
and narrower than 40° on the yz plane within the operating
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Fig. 9. Simulated and measured normalized gain patterns of the proposed array antenna for both polarizations on the xz plane and when scanning the beam

to fp = 0°, 25°, and 50° on the yz plane.

TABLE 1
COMPARISON OF PERFORMANCES OF WIDEBAND, LOW-PROFILE, AND WIDE-SCANNING 1-D TCDA ANTENNAS
Dimension Height IBW . HPBW - Gain Scan-angle
Ref. (mm) Ouon) (GHz, ratio, | o | Polarization 4B o
low reference) on xz plane (°) (dB) (°)
> 8.6
[12] 600 x 200 0.23 1'{,68‘@15{7;22'23'1’ > 61 Dual 8 VP clements <£30
) 9 HP elements
>11.7
[13] 1949 x 67 0.15" 0'4\575%&,‘013’3'36‘1 NG Dual (1,2 GHz) <+60
26 elements (VP/HP)
1 2.2-6,2.7:1, . >6.7
[14] 140 x NG 0.21 VSWR <2 NG Single 8 VP elements <+45
. >7
This 635 x 220 0.13 0.8-2.5,3.1:1 > 57 Dual 10 VP elements <+50
Work VSWR <3
11 HP elements

*NG: Not Given
D Calculated by excluding external power dividers or combiners

IBW. Because the number of VP dipoles was smaller than the
number of HP dipoles, the HPBW of a HP was narrower than
the HPBW of a VP, on average.

The peak gains are shown in Fig. 11. The measured gain
was slightly smaller than the simulated results. However,

the total trend was very similar. In addition, it should be
noted that the gain at 0.8 GHz was not low due to good
impedance matching at the frequency. The measured gain was
over 7 dB for VP and 7.3 dB for HP when scanning up to 50°.
In addition, when scanning the beam, the gain was degraded
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Fig. 10. Simulated and measured HPBW of the proposed array antenna for
(a) VP and (b) HP.
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Fig. 11. Simulated and measured CoPol/XPol gains of the proposed array
antenna for (a) VP and (b) HP.

due to the scan loss. The measured cross-polarization level for
VP was less than —15 dB and less than —16 dB for HP when
scanning the broadside within the operating IBW.
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Table I shows the comparison with wideband, low-profile,
1-D array antennas. The proposed array antenna is a dual-
polarized, wideband, low-profile antenna without an integrated
balun and a power divider or combiner [10]. Therefore, this
method can be expected to be used for many applications.

V. CONCLUSION

In this paper, we proposed a wideband low-profile
1-D TCDA antenna using VMSs. We employed Floquet theory
to describe the main reason for impedance mismatching when
scanning the beam. This was confirmed by the field profile
between the dipole and the ground plane, but the VMSs did
not change the field profile. As a result, IBW for VSWR
< 3 was 0.8-2.5 GHz (3.1:1), and the antenna’s height was
reduced from 0.24 410w to 0.131j0w. The measurement results
of the proposed array antenna were also in good agreement
with the simulation results. This array antenna can be used
in 1-D phased array antenna systems (e.g., base station array
antennas or electronic warfare array antennas). This concept
is expected to be used not only for array antennas but also for
single vertical antennas with a ground plane, thus providing a
low-profile characteristic.
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