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Abstract –Using the method of moments, we ana-
lyze two array antennas, each consisting of four radia-
tion elements excited by a C-figured feed line and
sequentially rotated by 90°. Reference and present anten-
nas have loop elements with a perturbation segment and a
branched feed line vertical to the ground plane, respec-
tively. The present antenna exhibits a 3 dB axial ratio
bandwidth of 58%, which is wider than the reference
antenna by a factor of four. We validate the results by
reproducing them using a finite integration technique.

1. Introduction

A loop antenna above the ground plane radiates a
circularly polarized (CP) wave [1–5]. The CP radiation
is obtained through a loop-shaped deformation [1, 2],
an additional segment [3, 4], and quasi two sources
using a branched feed line vertical to the ground plane
[5]. Recently, the mutual coupling effects between the
two loops with quasi two sources have been investi-
gated to expand the 3 dB axial ratio bandwidth three-
fold compared with an isolated loop [6].

This study is a sequel to the previous one [6] and
demonstrates a new development in a loop antenna with
quasi two sources. The loop is applied in a sequential rota-
tion array antenna with a C-figured feed line for the first
time. The radiation characteristics are evaluated using the
method of moments (MoM) [7] and compared with those of
a sequential array antenna consisting of loops with a pertur-
bation segment.

The technical novelty of this article is optimizing
a key parameter for wideband CP radiation, the length
(LC) of a horizontal line connecting the loop to the C-
figured feed line (see Figure 1). The C-figured feed line
is characterized by a simple phase shifter and power
divider design. This study contributes to the widest
axial ratio bandwidth among sequential array antennas
[8] using resonant radiation elements excited by a C-fig-
ured feed line (see Table 1). In Table 1, the unit of an
antenna size is the wavelength (scalable configuration),
and a scalable configuration is also used in the main text,
giving satisfactory performance up to 12 GHz [18].

Note that Table 1 includes studies [15–17] that do not
use a C-figured feed line for reference.

As mentioned, the widest axial ratio bandwidth is
the contribution of this study, which differs from the
authors’ previous ones [6, 19], as summarized in Table 2.
The study [6] discusses a two-element array without a
sequential rotation. The study [19] proposes a novel feeding
network for a sequential rotation array using a coplanar O-
figured feed line, not the present multilayer C-figured one.

In this study, we first investigate a 3 dB axial ratio
bandwidth as a function of length LC. After optimizing
length LC for a wideband CP wave, we discuss the radia-
tion characteristics, including the gain, voltage standing
wave radio (VSWR), and radiation patterns. Finally, the
results are compared with those in similar studies.

2. Radiation Characteristics of Present
and Reference Antennas

Figures 1a and 1b show configurations and coordi-
nate systems of the present and reference antennas, respec-
tively. Each antenna consists of four square loop elements
of perimeter P at a height H above the ground plane. The
loop elements are sequentially rotated by 90° and connected
to a C-figured feed line of radius R via horizontal lines of
length LC. One end of the C-figured feed line, point F, is
excited using a coaxial line via the vertical line F–F0, and
the other end T is open circuited.

For the present antenna to radiate a CP wave, the
adjacent loop corners of an and bn (n ¼ 1, 2, 3, and 4) are
connected to a vertical, branched feed line an/bn–Bn–gn,
with the bottom end gn being connected to a horizontal line
of length LC, as shown in Figure 1a. The branch point Bn is
located at height hB above the ground plane. In contrast, the
loop element of the reference antenna has a perturbation
segment of length ‘ for CP radiation, and the loop corner
bn is connected to a vertical, straight feed line b n–gn, with
the bottom end gn being connected to a horizontal line of
length LC, as shown in Figure 1b.

The reason for choosing a loop with a perturbation
segment as a reference is that the loop has the axial ratio
bandwidth and gain similar to those of the present loop with
quasi two sources (and hence was used as a reference loop
in the previous study [6]). Note that the perturbation segment
plays a role in changing a linearly polarized loop to a CP
loop because the current distribution along the loop changes
to a traveling wave type [20] from a standing wave type.
Also, note that the perturbation segment is located at the cen-
ter between two adjacent corners, as shown in Figure 1b, for
the loop to generate two orthogonal linearly polarized waves
necessary for CP radiation. Suppose two adjacent corners of
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a square loop are excited by two sources with the same
amplitudes and a phase difference of 90°. In that case,
the loop radiates a CP wave, which is also accom-
plished by quasi two sources [5] using a vertical,
branched feed line connected to the two adjacent cor-
ners, as shown in Figure 1a.

The horizontal lines and the C-figured feed lines
are at a height of hL for both the present and reference
antennas, as shown in Figures 1a and 1b. The antenna is
made of wires with a radius � [5, 6].

We analyze the antenna using our tailored com-
puter program based on the MoM [7]. The ground plane
size is assumed to be infinite, and image theory is used in
the analysis. The antenna is designed to radiate a CP wave
in the direction normal to the antenna plane in the þz-axis
direction. We select the loop parameters of (P, hB, ‘) and
horizontal line length LC for R ¼ �0/(2�), where �0 is the
free-space wavelength at a test frequency of f0. The other
configuration parameters are fixed at the same values as
those in [5, 6] to facilitate comparison: (H, hL, �) ¼ (�0/4,
�0/50, �0/200). Note that the C-figured feed line has a
path length of �0/4 between its branches for an excitation
phase difference of 90°.

The horizontal line length LC of the present
antenna is a crucial parameter for wideband CP radiation
because a variation in LC controls the amount of the
mutual coupling between the loop elements. The mutual
coupling effects between the two loops with quasi two
sources expand the axial ratio bandwidth threefold com-
pared with an isolated loop [6].

The simulated 3 dB axial ratio bandwidth versus
LC is shown with a solid line in Figure 2. At each value
of LC, the loop parameters (P, hB) are selected for the
axial ratio bandwidth to become a maximal value. For
comparison, the dotted line shows the result of the refer-
ence antenna, where the loop parameters (P, ‘) are
selected, each with a value of LC. The present antenna’s
bandwidth has a peak value of 58%, whereas the refer-
ence one remains almost unchanged at 14%. We can
say that the present antenna has a wider bandwidth than
the reference antenna by a factor of four (¼58/14).

A question arises when looking at the axial ratio
bandwidth of the present antenna in Figure 2. Why
does the bandwidth increase with an increase in the

Table 1. Comparison with similar studiesa

Study
Array
type

Radiation
element

ARBW
(%)

Gain
(dBi)

Operating
frequency (GHz)

Antenna size x 3 y 3 z (�0
3)

(z: height)

[9] 2 3 2 Patch 8.3 10.8 8.25 1.3 3 1.3 3 0.04
[10] 2 3 2 Patch 15 – 5.3 1.3 3 1.4 3 0.58
[11] 2 3 2 Patch 20.4 11.1 27 2.9 3 2.9 3 0.10
[12] 2 3 2 Patch 15.2 – 60 1.8 3 1.8 3 0.05
[13] 2 3 2 Loop 30 11.9 3 1.4 3 1.4 3 0.25
This study 2 3 2 Loop 49 11.6 3 1.1 3 1.1 3 0.25
[14] 2 3 2 Patch 15.5 8.25 5.75 0.9 3 0.9 3 0.03
[15] 2 3 2 Dipole 21.9 12.4 21 – 3 – 3 0.14
[16] 2 3 2 Patch 20.2 13.8 28 1.5 3 1.5 3 0.07
[17] 2 3 2 Patch 23.9 14.6 64 2.1 3 4.2 3 0.50
a ARBW, 3 dB axial ratio bandwidth; –, not described.

Figure 1. Present and reference antennas consisting of square loops.
(a) Present antenna with a branched feedline an/b n–Bn–gn (n ¼ 1, 2,
3, and 4) vertical to the ground plane. (b) Reference antenna with a
perturbation segment of length ‘.
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horizontal line length LC and start decreasing after some
limit at LC � 0.15�0? To answer this question, we refer to
the previous study [6], where the bandwidth of an array of
two square loop antennas with quasi two sources is inves-
tigated as a function of the distance d between the anten-
nas, as shown in Figure 3a. The result is shown with a
solid line in Figure 3c. The bandwidth increases with an
increase in d and starts decreasing after some limit at d �
0.15�0, as the bandwidth behavior of the present antenna.
In summary, the bandwidth behavior versus LC for the pre-
sent antenna can be explained using the mutual coupling
between two loop antennas with quasi two sources. Note
that a dotted line in Figure 3c also shows the result of an
array of two square loop antennas with a perturbation seg-
ment shown in Figure 3b. The bandwidth remains
unchanged with an increase in the distance d between the
antennas, which does not conflict with the result of the ref-
erence antenna (see the dotted line in Figure 2).

The solid lines in the lower part of Figure 4 show
the simulated gain and axial ratio versus frequency for the
present antenna. The horizontal line length is LC ¼ 0.13�0
with (P, hB) ¼ (1.04�0, 0.10�0). The gain has a maximum
value of 11.7 dBi and drops from the maximum one by
3 dB at 1.30f0 in the axial ratio bandwidth. When consid-
ering this, the overlapped bandwidth is 51% (0.77f0 to
1.30f0). For comparison, the dotted lines show the results
of the reference antenna for LC ¼ 0.13�0 with (P, ‘) ¼
(1.11�0, 0.27�0). The axial ratio bandwidth is 14%, where
the gain is more than 7.8 dBi, with a maximum value of
7.9 dBi. Note that the reference and present antennas
have the dimensions summarized in Table 3.

A solid line in the upper part of Figure 4 shows
the simulated VSWR of the present antenna. The

VSWR is evaluated for a 75 X coaxial line. The present
antenna exhibits a VSWR of less than two in a fre-
quency range of 0.74f0 to 1.27f0. Taking this into con-
sideration, we evaluate a bandwidth of 49% (0.77f0 to
1.27f0), where the axial ratio and VSWR determine the
lower and upper frequency edges, respectively.

Figures 5a and 5b show the radiation patterns of
the present and reference antennas, respectively. The
pattern is illustrated with dotted and solid lines showing
right-hand (ER) and left-hand (EL) CP wave compo-
nents, respectively. The present antenna shows lower
cross-polarized radiation than the reference one. In
addition, the present antenna’s half-power beamwidth
(HPBW) is narrower than the reference antenna’s. Aver-
age HPBWs in the � ¼ 0° and 90° planes are 46° and
58° for the present and reference antennas, respectively.
The gain of the present antenna is 11.6 dBi, higher than
the reference antenna by 3.8 dB.

It is necessary to explain how the HPBW of the
present antenna significantly improves compared with
the reference antenna. Further calculations reveal that
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Figure 3. Simulated 3 dB axial ratio bandwidth versus distance
between two loop antennas [6].

Table 2. Comparison to authors’ previous studies

Study
Array
type

Radiation
element

Sequential
rotation Feeding network Contribution

[6] 1 3 2 Loop Not applied Multilayer Straight Novel dual-wire antenna
[19] 2 3 2 Spiral Applied Coplanar O figured Novel feeding network for sequential rotation array
This study 2 3 2 Loop Applied Multilayer C figured Widest ARBWa among resonant element array
a ARBW: 3 dB axial ratio bandwidth.
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Figure 2. Simulated 3 dB axial ratio bandwidth versus horizontal
line length LC.
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the average HPBW of the reference antenna improves
(to 43°), as the horizontal line length further increases
(to LC ¼ 0.25�0). This means that a line length of LC ¼
0.13�0 is too small for the reference antenna to exhibit
a satisfactory HPBW. Therefore, it can be said that the
mutual coupling effects of the present antenna also con-
tribute to an improvement in the HPBW.

To validate the results using the MoM, we repro-
duce them using an EM simulation solver on a finite
integration technique (FIT) [21]. Small circles and dots
in Figures 4 and 5a are the results using the FIT. They
agree well with the MoM results.

Finally, we compare our results with those in similar
studies using resonant radiation elements excited by a
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Figure 7. Experimental and simulated results of the present
antenna. (a) Frequency responses of gain, axial ratio, and VSWR. (b)
Radiation patterns. Note that the simulated results are identical to
those with the MoM in Figures 4 and 5a.
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Table 3. Dimensions of present and reference antennas designed

Antenna

Antenna
part Parameter Present Reference

Loop Perimeter P (�0) 1.04 1.11
Branch height hB (�0) 0.10 Not applied
Perturbation segment length ‘(�0) Not applied 0.27
Height H (�0) 1/4

Feed line Horizontal line length LC (�0) 0.13
C-figured feed line radius R (�0) 1/(2�)
Height hL (�0) 1/50

All Wire radius � (�0) 1/200
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Figure 5. Simulated radiation patterns. (a) Present antenna. (b) Reference
antenna.

Figure 6. Photographs of a prototype. (a) Perspective view. (b) Side
view.
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C-figured feed line. The comparisons are summarized in
Table 1. The present antenna has the widest axial ratio
bandwidth.

As additional data, we show photographs of an
antenna fabricated at f0 ¼ 3.0 GHz and tentative exper-
imental results in Figures 6 and 7, respectively. The
experimental results are similar to the MoM results that
are identical to those in Figures 4 and 5a.

3. Conclusions

We have studied present and reference array
antennas consisting of loops with quasi two sources
and a perturbation segment, respectively. The loops
are excited by a C-figured feed line via horizontal
lines of length LC. As the length LC is varied, the
3 dB axial ratio bandwidth of the present antenna reaches
58%, whereas the bandwidth of the reference antenna
remains almost unchanged at 14%. To validate the results
using the MoM, we reproduce them using a FIT. The
antenna has an overlapped bandwidth of 49%, where the
axial ratio and VSWR are less than 3 dB and 2,
respectively.
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