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A Novel Feeding Network for Sequential Rotation
Array Antennas Above the Ground Plane

Kazuhide Hirose, Naonoshin Ito, Yuya Urushibata, and Hisamatsu Nakano

Abstract — We propose a coplanar feeding net-
work for array antennas using the moment method.
A one-wavelength loop feeds four spiral elements
sequentially rotated by 90°. The loop points at a quar-
ter wavelength apart are excited either directly or via
two straight wires vertical to the ground plane. The
antennas with and without the straight wires show a
3 dB axial ratio bandwidth of 51% and a constant axial
ratio of 0 dB, respectively. Subsequently, the straight
wires are replaced with a branched wire to create
a simple antenna feeding system. Numerically and
experimentally, the antenna has an axial ratio band-
width of 39%, which is wider than the isolated spiral
element by a factor of 1.6.

1. Introduction

A sequential rotation (SR) technique expands the
axial ratio bandwidth of a circularly polarized (CP) array
antenna [1-3]. In the array, the radiation elements are
sequentially rotated and excited by a sequential feeding
network. Various types of feeding networks have been
investigated, including groove gap waveguides [1], rect-
angular back cavities [2], and microstrip lines [3].

This study proposes a novel sequential feeding
network for a CP array antenna above the ground plane.
A coplanar one-wavelength loop is used to feed four spiral
elements that are sequentially rotated by 90°. The antenna
is analyzed using the moment method [4], where the spiral
height above the ground plane is taken to be a quarter
wavelength [5].

The motivation for using a one-wavelength loop
as a feeding network is based on the following facts:
1) A type of horizontal half-wavelength dipole at a
quarter wavelength above the ground plane operates as a
coplanar feeding network for an array antenna [6]. 2) A
type of vertical quarter-wavelength monopole on the
ground plane operates as a feeding network for a CP
antenna [7]. These facts encourage the expectation of a
type of horizontal one-wavelength loop at a quarter wave-
length above the ground plane to operate as a coplanar
feeding network for a sequentially rotated antenna array.

This study first analyzes a reference antenna with
a loop of two balanced sources (see Figure 1a). Next, the
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balanced sources are transformed into unbalanced ones
using straight vertical wires (see Figure 1b). Finally, the
two unbalanced sources are reduced to one source for a
simple feeding system.

2. Reference and Present Antennas With
Two Sources

Figure 1 shows the antenna configurations. Each
antenna is located above the ground plane at height /.
Four spiral elements are sequentially rotated by 90° and
connected to a coplanar loop of circumference Cp via
segments of length L.. The spiral element is specified by
circumference Cs, adjacent arm distance d, and straight-
line length L, as shown in Figure 1a. The antenna is made
of wires of radius p [5-7].

The loop of the reference antenna is excited by
two delta gap generators (balanced sources) at points F,
(n = 1 and 2), located at ¢ = £45°. In contrast, the
loop points F, of the present antenna are connected to
vertical straight wires F,—F,, of radius p, and the bottom
ends F,/ are excited by two coaxial lines (unbalanced
sources), as shown in Figure 1b. Note that the two sources
have the same amplitudes and a phase difference of 90°
for both the present and reference antennas. Also note that
the balanced sources are located along the loop arm, as
shown in Figure la, and each source requires a balun cir-
cuit for an experiment using a coaxial line feed, unlike
the unbalanced sources, shown in Figure 1b.

The antenna is analyzed using our developed
computer program based on the moment method [4],
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Figure 1. Antenna configurations with two sources. (a) Reference

antenna with balanced sources at loop points F, (n = 1 and 2).
(b) Present antenna with unbalanced sources at point F,,’ using ver-
tical straight wires F,—F,, .
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Figure 2. Radiation patterns of a reference antenna.

where the ground plane is assumed to be an infinite extent.
The loop circumference is taken to be C;, = 1), where
Ao is the free-space wavelength at a test frequency of f.
The spiral parameters (Cs, d, L;) and segment length L.
are selected for CP radiation. The other configuration
parameters are fixed at the same values (4, p) = (Ao/4, Ao/
200) as those in [5—7] throughout this study.

Preliminary calculations reveal that the segment
length L. must be small for CP radiation. The radiation
patterns of the reference antenna for L. = 0.05)\, are
shown in Figure 2. The spiral parameters are (Cs, d, Ly) =
(1.46), 0.062), 0.145)(). The radiation is decomposed
into right-hand (ER) and left-hand (£;) CP wave compo-
nents that are shown with dotted and solid lines, respec-
tively. A left-handed CP beam is obtained in the direction
normal to the antenna plane in the +z-axis direction. The
half-power beamwidths (HPBWs) in the ¢ = 0° and 90°
planes are 35° and 35°, respectively.

The radiation beam normal to the antenna plane
is obtained because a coplanar loop has a traveling wave
current distribution and operates as a sequential feeding net-
work for the spiral elements. This is shown in Figure 3,
where the second row shows the loop current together with
spiral ones in the top and bottom rows. It is observed that
the phase of the loop current linearly varies along the
length, leading to a sequential phase shift of 90°, which is
necessary for spiral element excitation. As a result, the
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Figure 3. Current distributions of a reference antenna, with |I| denoting

the current amplitude.
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Figure 4. Radiation patterns of a present antenna.

spiral elements of one to four have the current phases that
are sequentially delayed by 90°. This delay compensates
for the phase progress of the partial radiation from each
rotated spiral to form the normal beam.

Based on the radiation characteristics of the refer-
ence antenna, we analyze the present antenna with the
straight wires F,—F,’. Figure 4 shows the simulated radia-
tion patterns of the present antenna. The spiral parameters
and segment length are identical to those of the reference
antenna. It is observed that the CP radiation beams are simi-
lar to those of the reference antenna. The HPBWs are 34°
and 37° in the ¢ = 0° and 90° planes, respectively.
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Figure 5. Frequency responses of axial ratio of reference and present

antennas, together with a single spiral element.
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Figure 6. Antenna configurations with one source at point F,’ using
a vertical branched wire F,—B-F,'. (a) Straight wire B—F,’. (b) Crank
wire B—F,’. (c) Perspective view of a loop with a crank wire B—F,'.
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Figure 7. Radiation patterns for a straight wire B—F,’.

The solid and dashed lines in Figure 5 show the
simulated axial ratio versus frequency for the present
and reference antennas. It is revealed that the present
antenna shows a 3 dB axial ratio bandwidth of 51%,
whereas the reference antenna’s axial ratio is constant at
0 dB, as expected. For comparison, the dotted line
shows the result for an isolated spiral element without
an array environment shown in the inset, where the
outer arm end of the spiral element at a height of \¢/4
above the ground plane is excited by a coaxial line via
a vertical wire. It can be said that the bandwidth of the
present antenna is twice as wide as that of the spiral
element (24%).

3. Antenna With One Source

Thus far, we have investigated an array antenna
with two sources. In this section, the double sources are
reduced to a single source to simplify the antenna feed-
ing system.

The antenna configuration is shown in Figure 6a.
The loop points F,, are connected to a vertical branched
wire F,—B—F,’ of radius p, and the bottom end F,’ is
excited by one unbalanced source. The branch-point
height /g is selected so that the axial ratio bandwidth
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Figure 8. VSWR, axial ratio, and gain versus frequency for a crank
wire B-F»'.
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Figure 9. Radiation patterns for a crank wire B—F,'. (a) Polar coor-
dinates. (b) Rectangular coordinates.

reaches its maximum value. The other configurations
are the same as those of the present antenna described
in Section 2. Note that a branched wire part F,'~B has the
same arc shape as the coplanar loop part F';—F>, as shown
in Figure 6c.

The simulated radiation patterns are shown in
Figure 7. The branch-point height is 2z = 0.15)g. The
antenna radiates a CP beam similar to that of the two
sources (see Figure 4). The axial ratio bandwidth is
evaluated to be 46%.

Next, consideration is given to input impedance
that matches the coaxial line. For this, we transform the
straight wire B—F,' into a crank one, as shown in Figure
6b. We select the crank wire parameters (¢;, ¢,) for a
voltage standing wave radio (VSWR) of less than two,
while fixing the other configuration parameters for the
radiation characteristics to remain unchanged.

Calculations show that we must choose the ¢,
(=0.02)¢) to be as small as possible. The ¢, (=0.22))
is selected so that the VSWR <2 bandwidth reaches the
maximum value. The solid line in Figure 8 shows the
simulated VSWR versus frequency, with the axial ratio
and gain. The VSWR is evaluated for a 50 Q coaxial
line. The overlap bandwidth of the VSWR <2 and axial
ratio <3 dB is 39% (1.6 times as wide as the spiral ele-
ment), where the gain is more than 10.0 dBi.

The simulated radiation patterns are shown with
solid and dotted lines in Figure 9. The CP beams are almost
the same as those for the straight wire B—F,’ (see Figure 7).

Figure 10. Photographs of an antenna with a crank wire B—F,'. (a)
Top view. (b) Side view.
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Table 1. Comparison with similar studies

Axial ratio Gain Frequency Radiation Sequential ~ Antenna sizex X y X z
Study Array type bandwidth (%) (dBi) (GHz) element® rotation” (Ao’; z: height)
[1] 4 X4 14* 19.24 30 P A 4.8 X48 % 1.7
[2] 4 X4 23.8 20.5 65 P A 44 X85X05
[3] 8 X8 18.3 18.5 25 P A 5.6 X 5.6 X 0.09
[5] 1 X7 21 14.5 3 S NA 0.9 X 3.4 X0.25
[9] I X8X15 4 17.7 24 P A 17.0 X 8.0 X 0.1
[10] 2X2 20.4 11.1 27 P A 29X29x0.1
[11] 2X2 18.9 13.8 5.6 P A - X -=X0.1
This study 2X2 39 12.3 3 S A 1.4 X 1.4 X025

1.5 dB axial ratio bandwidth.
bp, patch; A, applied; S, spiral; NA, not applied; —, not described.

The HPBWs in the ¢ = 0° and 90° planes are 31° and 44°,
respectively. The gain is 12.3 dBi.

Up to this point, we have discussed the radiation
characteristics using the simulated results. To validate
these results, we perform experiments using a fabri-
cated antenna at fy = 3 GHz, with a ground plane of
5X0 X 5X9 (50 cm X 50 c¢cm), having an antenna size of
14 cm X 14 cm X 2.5 cm. Photographs of the antenna
are shown in Figure 10. The small circles and dots in
Figures 8 and 9 show the experimental results. A good
agreement is observed between the experimental and
simulated results. Note that the antenna’s radiation
efficiency is theoretically almost 100% because only
the conductor losses are negligible up to a 12 GHz
band [8].

Finally, we compare the results for a crank wire
B-F," with those of other similar studies. Table 1 sum-
marizes these comparisons. Note that we realize the widest
axial ratio bandwidth using a coplanar one-wavelength
loop as a sequential feeding network. Also note that a
previous study [5] discussed a spiral antenna array without
SR, resulting in an axial ratio bandwidth of 21%, which
was lower than our result.

Before concluding, we mention an array factor
with degree. The array degree is four because the array
consists of one loop and four spirals. The array factor
may be determined using P,(x, y) with E (4, @),
where P, with E,, are the nth element position with
the excitation amplitude 4 and phase ®. Each spiral
position A4 is evaluated using the input current ampli-
tude at each leftmost in the abscissa shown in Figure
3, and the loop position A4 corresponds to the average
current amplitude along the loop. All the spiral posi-
tions have the same phase, nearly equal to the loop
position @, due to the beam formation in the direction
normal to the antenna plane.

4. Conclusion

We have studied two array antennas, each having
a coplanar loop with two balanced or unbalanced sources.
The balanced and unbalanced source antennas exhib-
ited a constant axial ratio of 0 dB and a 3 dB axial
ratio bandwidth of 51%, respectively. Subsequently,
the two unbalanced sources are reduced to one source

using a branched wire vertical to the ground plane.
Numerically and experimentally, the axial ratio bandwidth
is 39%, where the gain and VSWR are more than 10.0 dBi
and less than 2.
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