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ABSTRACT This paper presents the design process of a clock-shaped broadband circular polarized (CP)
antenna based on Characteristic Mode Analysis (CMA). It is composed of a circular ring, two microstrip
lines approximately perpendicular to each other, and 50-$2 improved coplanar waveguide (CPW). The two
microstrip lines are introduced in the X and Y directions, respectively, to break the symmetry for CP
operation. Different from the conventional method in which the operation is verified by the simulated surface
current distribution, CMA provides physical insight into different modes of the antenna and reveals the
mechanism of radiating CP wave. Mode currents and characteristic fields of the selected modes are studied
for AR bandwidth enhancement. An improved double-sided printed CPW is introduced to excite the desired
modes and achieve wideband impedance matching. To validate the proposed concept, a prototype with a
compact size of 0.29Ar x 0.29A1, x 0.013AL (AL corresponding to the maximum operation frequency) is
fabricated and measured. The measured —10 dB impedance bandwidth and 3 dB AR bandwidth are 84.6%
from 2.38 GHz to 5.8 GHz and 43.4% from 2.4 GHz to 3.73 GHz, respectively. The overlapping operating
bandwidth can cover the ISM band, the TD-LTE band, and the WiMAX band. Besides, the proposed antenna
has a stable radiation pattern over the operating band.

INDEX TERMS Broadband antennas, characteristic mode analysis (CMA), circular polarization (CP),

co-planar waveguide (CPW).

I. INTRODUCTION

Circularly polarized (CP) antennas have attracted extensive
attention in high-capacity wireless communications and high-
resolution radar systems because of combatting multi-path
interferences or fading, reducing the ‘Faraday rotation’ effect,
and overcoming polarization mismatch between a transmitter
and a receiver. Nevertheless, the bandwidth is still a challenge
in practical design.

CP radiation can be regarded as the combination of two
orthogonal linearly polarized (LP) radiations with equal
amplitude and 90° phase difference. Asymmetric radiators
are widely used to generate the desired CP radiations, such
as asymmetric patches with L-shaped slots [1], asymmetric
defective ground [2], a square patch with two connected
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slots to realize defective ground [3], the stacked patch with
cutting symmetrical angles [4]. Utilizing perturbations in
the forms of feed lines [5]-[7], slot structures [8]-[10] and
array configurations [11], [12] have also been proposed. Most
of these designs are achieved by full-wave simulation and
optimization based on engineering experience and intuition
with little physical insight.

All of the antenna properties can be obtained by full-wave
simulation, such as the radiation patterns, input impedance,
and radiation efficiency. The final simulated physical char-
acteristics depend on whether the resonant properties of the
antenna itself are excited by the external source. Improper
feeding results in the current distribution not reflecting the
natural resonance characteristics of the antenna. The natural
resonant behavior of antenna is conducive to further opti-
mization and design of the feed structures. Characteristic
Mode Analysis (CMA) provides a source-free method to
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analyze the resonant behavior of antenna structure. The
CMA was first proposed by Garbacz [13], and improved by
Harrington and Mautz in the 1970s [14]. The CMA allows
obtaining the resonant frequencies of fundamental modes as
well as those higher-order modes in the absence of excitation.
It also describes the resonance property of each mode on
the electromagnetic structure and the radiation behavior in
the far-field zone. Different characteristic current modes are
orthogonal to each other on the surface of the conductor,
and their corresponding characteristic fields are orthogonal at
infinity [15]. These valuable modal analysis results provide
guidance for optimization to achieve desired radiation perfor-
mance at a specific frequency [16], [17]. In [18], CMA was
first used to analyze metasurface, and multiple modes were
excited simultaneously to achieve broadband. Soon after,
CMA was successfully used to solve the coupling problem
of metasurface multiport antennas and improved the problem
of pattern distortion [19]. With the help of CMA, the res-
onant frequencies of different modes for metasurface were
independently controlled for dual-band 5G applications [20].
In [21], S-band and K-band antennas with a common aperture
were designed based on the multi-mode of metasurface by
CMA. In [22], CMA successfully revealed that surface wave,
leakage wave, and mixing of multiple resonance modes
together contribute to the broadband of the SIW-fed end-fire
metasurface antenna. CMA was also used to design stacked
antenna [23] and RFID Tag [24].

This paper proposes a novel CP antenna with an integrated
feed structure designed by CMA. A circular ring is first
analyzed based on the theory of characteristic mode, and a
pair of degenerate modes with orthogonal polarization are
selected for further optimization. Two microstrip lines are
proposed to reconfigure the selected modes with a certain
Characteristic Angle (CA) difference. Furthermore, anther
two modes are introduced for wideband CP operation. Then
the feeding structure placement is determined to excite the
selected modes based on CMA. Finally, the full-wave simu-
lation of the proposed antenna is carried out for final opti-
mization. All simulation results are obtained by Computer
Simulation Technology (CST) and FEKO.

Il. CP GENERATION FOR CLOCK-SHAPED ANTENA

A. CHARACTERISTIC MODE THEORY

The characteristic modes (CMs) are a complete set of orthog-
onal modes for expanding any induced currents and far-fields
due to a specific external source. In other words, the induced
currents on the PEC body can be written as a superposition
of the characteristic currents.

J:chn.Jn 1)

where J,, is the characteristic current of mode n, ¢, is the com-
plex modal weighting coefficients (MWC) for each mode,
measures the contribution of each mode in the total electro-
magnetic response to a given source, and can be expressed
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as [15]:
cal :1/|1+jxn|-|fJn-EidS| “MS -l @)

Here, v, is the modal excitation coefficient (MEC), which
measures the contribution of each mode in the total electro-
magnetic response to a given source.

Yy = /Jn - E;dS 3)

MS is the modal signification (MS), which is the normal-
ized amplitude of the characteristic current. If the MS of a
CM is greater than 1/+/2, it is a significant mode and vice
versa.

MS = 1/|1 + jAq| “4)

Equation (2) shows that to excite the desired mode, a large
MS and a large MEC are necessary. The MEC is strongly cor-
related with the position, magnitude, phase, and polarization
of the external source. The optimal excitation position can be
determined by the MEC.

Another critical physical parameter is Characteristic
Angle (CA), which is defined as follows:

CA = 180° — tan"'(Ay) 5)

CA is the phase angle lag between the real characteristic
current and its associated characteristic field, evaluating the
corresponding behavior of each CM. Notably, whether two
orthogonal modes achieve CP radiation with only one feed
can be estimated by the CA information.

To generate CP radiation, two orthogonal modes should
be excited simultaneously with 90° CA difference. Thus,
the requirements for these two modes are:

1. The mode current distributions are orthogonal to each
other,

2. The MSs are the same: MS| = MS,,

3. The CA difference is 90°: |CA| — CAz| = 90°.

4. The directivities are the same at the angle of interest.

B. EXISTING MODE OF THE RING

The resonance property of each mode on the electromagnetic
structure and the radiation behavior in the far-field can be
obtained by CMA in the absence of excitation.

To demonstrate the design principle, the CMA is first
carried out form a ring, as a guide to the more complicated
structure. To note that the substrate (FR4 with &, = 4.4 and
thickness of 1.6mm) is assumed to be loss-free and infinite.
The ring patch is designed near 3 GHz with a large radius of
13 mm and a small radius of 12.5 mm, as shown in Fig. 1.

The first six characteristic modes are calculated in terms
of MS and CA, as shown in Fig. 2. Their corresponding
mode currents (J1-J6) and characteristic fields at 2.7 GHz
are shown in Fig. 3. The other modes are ignored due to the
small MS. Modes 1 and 2 is a pair of degenerated modes,
as well as Modes 4 and 5. Modes 1 and 2 resonate at 2.7 GHz.
Modes 4 and 5 resonate at 5 GHz. At 4.4 GHz, the MSs
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Metal ring

Substrate

FIGURE 1. The geometry of the ring.
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FIGURE 2. (a) Modal significance and (b) Characteristic angle for the first
six modes of the ring.
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FIGURE 3. Mode current and characteristic field for first six modes of the
ring at 2.7 GHz.
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of Modes 1 and 2 are equal to the MSs of Modes 4 and 5.
As shown in Fig. 3, only J1 and J2 radiate in the £=Z direction
resulting from symmetric distribution on the XOY plane.
Whereas J3-J6 are rotationally symmetric to the Z axis, lead-
ing to a null gain in £Z direction in the far-field region.
Around 2.7 GHz, Modes 1 and 2 are the operating modes with
perpendicular mode currents and the similar characteristic
field. However, the CA difference between the two modes
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is 0° meaning no contribution to the CP realization as well
as J4 and J5.

C. EXISTING MODE OF THE PROTO A

To realize CP, the symmetrical ring structure needs to be
disturbed to produce the desired characteristic modes with
certain CA difference. As shown in Fig. 4, two microstrip
lines are introduced in the X and Y direction, respectively.
The Y one is directly added to the ring, and the X one is con-
nected to the ring by a metal patch (named M connector) on
the other side of the substrate, thereby avoiding the overlap.
The new electrical structure is named Proto A. Fig. 5 shows
the first six modes over 1 GHz—-6 GHz.

Substrate
M connector

FIGURE 4. The geometry of the Proto A.
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FIGURE 5. (a) Modal significance and (b) Characteristic angle for the first
six modes of the Proto A.

At 2.5 GHz, only Modes 1 and 2 can be easily excited
as the equivalent considerable MS. These two mode currents
(J1 and J2) and characteristic fields are shown in Fig. 6. Both
J1 and J2 are symmetrically distributed, and their equivalent
currents are perpendicular to each other. The perpendicu-
lar mode currents (J1 and J2) and the 143° CA difference
make Mode 1 and Mode 2 have the potential to generate
CP radiation.

FIGURE 6. Mode current and Characteristic field for Mode 1 and Mode 2
of the Proto A at 2.5 GHz.

As the frequency increases, more modes with relatively
large MS are involved. When the frequency rises to 4 GHz,
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Modes 2 and 4 are the operating modes with the same MSs
of 0.7. The corresponding mode currents and characteristic
fields are shown in Fig. 7. Clearly, J2 and J4 are perpendicular
to each other. Besides, a 90° CA difference between Modes 2
and Mode 4 is observed at 4 GHz.

“iiModed

FIGURE 7. Mode current and Characteristic field for Mode 2 and Mode
4 of the Proto A at 4 GHz.

i Modez

As shown in Fig. 5, in the band of 2.3 GHz-3.2 GHz,
Modes 1 and 2 are operating modes with a CA difference
between 78° and 144°. When the frequency increases to
3.2 GHz, the MS of Mode 1 decreases to zero and the MS of
Mode 4 rises. From 3.2 GHz to 4.5 GHz, the CA difference
between Mode 2 and 4 maintains between 70° and 94°.
In other words, Proto A features CP potential over
2.3 GHz-4.5 GHz. When the frequency rises to 4.5 GHz,
more modes are involved, and the CP performance is
deteriorated.

To understand how to affect the characteristic mode of
Proto A, the key parameters are studied. Simulation results
show that the CA difference of the operating modes is cor-
related with the angle of two microstrip lines («) and the
ring width (dr). Fig. 8 shows the variation of CA difference
between two operating modes versus frequency with different
o and dr. There is a minimum point on the CA difference
curve near 3 GHz because the operating modes of Proto A
switch from Modes 1 and 2 to Modes 2 and 4. Fig. 8 shows
that when dr is 0.5mm or 2mm, as « increases from 80° to
120°, the CA difference curve shifts downward and right-
ward before reaching the minimum value. After reaching the
minimum value, the CA difference curve shifts downward
and leftward. Considering the bandwidth and the potential
to radiate CP waves, the optimal values of « and drare 110°
and 0.5mm, respectively. Finally, the CA difference ranges
of 73°~137° and 57°-71° are achieved for Modes 1 and 2 at
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FIGURE 8. CA difference between operating modes versus frequency (a)
when dr = 0.5mm, (b) when dr = 2mm.
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2.38 GHz-3.16 GHz and Modes 2 and 4 at 3.1 GHz—4 GHz,
respectively.

The MS and CA characteristics of the final Proto A are
shown in Fig. 9, which indicates that the final Proto A
has the potential to radiate CP waves in the band of the
2.38 GHz—4 GHz band.

gLof 5270 oto-
=] 9 . W
5081 225} N RS
= \ 8 )
526 180 N R
B4} JEVARY A AN
= 135F SN
= Ssazed
302t /SN S T S ool D T E
s o0 90

: 2 3 4 5 2 3 4 5

Frequency (GHz) Frequency (GHz)
(@) (b

—Model -- Mode2 -- Mode3 —~.-Mode4 — - Mode5 - - Mode6

FIGURE 9. (a) Modal significance and (b) Characteristic angle for the first
six modes of the final Proto A.

D. FEED STRUCTURE SETTING

Due to the source-independent solution of CMA, designing
specific feeding structures is allowed to lag behind the shap-
ing of the antenna geometry. A well-designed feed struc-
ture is needed to excite the selected CMs and suppress
unwanted modes. Ideally, CP performance will appear when
these operating modes are properly excited and combined.
To excite operating modes with the same magnitude, the
excitation should be set at the minimum difference between
operating mode currents [25]. The MS crossover frequency
of Modes 1 and 2 is 2.6 GHz, and the current difference
distribution between the two is plotted in Fig. 10(a). The
MS crossover frequency of Modes 2 and 4 is 4 GHz, and
the current difference distribution between the two is plotted
in Fig. 10(b). The M connector is an appropriate position
for excitation because, in both cases, the current difference
distribution of the operating modes is tiny.

- S
M connector 0 M connector X
(@) (b)

FIGURE 10. Current differ ence distribution (a) between J1 and J2 at
2.6 GHz, (b) between J2 and J4 at 4 GHz.

An improved double-sided printed CPW is selected as
feed structure with the middle conductor and the ground
plane connecting the upper metal strip and the lower
ring of Proto A, respectively. The proposed antenna is
shown in Fig. 11, and its first six characteristic modes are
shown in terms of CM and MS in Fig. 12. Mode cur-
rents and characteristic fields are shown in Fig. 13. At
2.7 GHz-3.15 GHz, the operating modes of the proposed
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FIGURE 11. The geometry of the proposed antenna.
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FIGURE 12. (a) Modal significance and (b) Characteristic angle for the
first six modes of the proposed antenna.

FIGURE 13. Mode current and Characteristic field for Mode 1 and Mode 2
of the proposed antenna at 2.65 GHz.

antenna are Modes 1 and 2, with mutually perpendicular
mode currents, similar characteristic fields, and a CA differ-
ences of 96°-122°. At 3.15 GHz-3.78 GHz, Modes 2 and 4
play leading roles featuring perpendicular mode currents,
similar characteristic fields, and a CA differences of 53°-67°.
In other words, it is possible to achieve the CP condition over
2.7 GHz-3.78 GHz.

Ill. THE PROPOSED ANTENNA CHARACTERISTICS
The initial values of antenna parameters are determined by
CMA in Section II. In order to improve antenna performance,
the parameter « and dr are optimized by full-wave simulation.
The introduced microstrip lines alter the mode currents
and produce orthogonal characteristic fields to generate a
CP radiation, and therefore o has a significant influence on
both of the impedance and AR bandwidth. Fig. 15 shows the
variation of impedance and AR bandwidths with « increasing
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FIGURE 14. Mode current and Characteristic field for Mode 2 and Mode 4
of the proposed antenna at 3.78 GHz.
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FIGURE 15. (a) Simulated |S;;|, and (b) AR of the proposed antenna with
different o.

from 90° to 120°. As « increases, the first response fre-
quency increases slightly, but the second response frequency
decreases significantly with intensifying resonance. When
o exceeds 100°, the |S;i| between the first two resonance
frequencies is less than —10 dB, and it continues to decline
with the increase of «. As « increases, the first CP mode shifts
to higher frequency, and the second CP mode shifts to lower
frequency. The optimal value of @ is 110° because the widest
[S11| and AR bandwidths are simultaneously achieved.

The [S11| and AR variations with dr are depicted in
Figs. 16(a) and (b), respectively. Due to the small electrical
size of dr, its variation has little effect on the impedance of the
antenna, as shown in Fig. 16(a). However, the variation of dr
affects the phase difference between the two orthogonal field
components and therefore affects the CP radiation behavior
and the AR bandwidth. When dr increases from 0.5mm to
2.5mm, the lower side frequency of 3 dB AR increases, and
the upper side frequency decreases, so the 3 dB AR band-
width decreases, as shown in Fig. 16(b). For a compromise,
the value of dr is chosen to be 0.5 mm.
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FIGURE 16. (a) Simulated |S;;1, and (b) AR of the proposed antenna with
different dr.
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The final values of each parameter are R = 14mm,
dr = 0.5mm, Py = 19mm, ¢ = 110°, Gx = 8mm, and
Gy = S5mm. The full-wave simulation indicates that the
impedance band (|S1;] < —10 dB) and AR band (AR <
3 dB) of the proposed antenna are 68.7% (2.1 GHz—4.3 GHz)
and 42.6% (2.4 GHz-3.7 GHz), respectively.

IV. EXPERIMENTAL VERIFICATION

As shown in Fig. 17, a prototype of the proposed antenna was
fabricated and measured to verify the design procedure. The
proposed antenna is fabricated by PCB technology. Multiple-
amplitude-component method and comparison method are
employed to measure AR and boresight gain, respectively.
The KEYSIGHT NS5222A vector network analyzer (VNA)
is used to measure S-parameter. The VNA was calibrated by
the short-open-load-through calibration before measurement.
The distance between the antennas inside the anechoic cham-
ber during the measurements is about 8§ meters, which satis-
fies the far-field conditions of the proposed antenna and the
standard antennas. The simulated and measured |Si1|, AR,
and the boresight gain are all presented in Fig. 18. As can be

FIGURE 17. (a) The top view of the proposed antenna. (b) The back
view of the proposed antenna. (c) The proposed antenna under test.
(d) Far-field measurement environment in the chamber.
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FIGURE 18. Simulated and measured (a) |S¢1|, (b) AR and boresight gain.

seen, the measured —10 dB impedance bandwidth is 84.6%
(2.35 GHz-5.8 GHz), and the measured 3 dB AR bandwidth
is 43.4% (2.4 GHz-3.73 GHz). The overlapping operating
band covers ISM band (2.4 GHz-2.483 GHz), TD-LTE band
(2.599 GHz-2.690 GHz), and WiMAX bands (2.496 GHz—
2.69 GHz and 3.4 GHz-3.6 GHz). The measured |S1;| agrees
well with the simulated |S11|, and the slight difference is
mainly due to the dimensional tolerance and undesired slot
introduced by welding. The discrepancies between the mea-
sured and the simulated 3 dB AR bandwidth are proba-
bly caused by many reasons, such as the fabrication toler-
ance as well as the alignment problems in the measurement
setup.

The simulated and measured radiation patterns in the
XOY and YOZ planes at 2.4 GHz, 3.1 GHz, and 3.7 GHz
are respectively plotted in Fig. 19. Bidirectional radiation
patterns can be observed featuring the left-handed circularly
polarized (LHCP) in the 4+Z direction and right-handed cir-
cularly polarized (RHCP) in the —Z direction. The com-
parisons with other works are listed in Table 1. In [26],
smaller electrical size is obtained by using a stacked tech-
nology for the antenna, but the AR bandwidth is much lower
than that of the proposed. In [27], the AR bandwidth of the
antenna reaches 47.9%, but the profile is 0.15A1, and the
multi-feed structure increases fabrication complexity. In [28],
[29], [30], [31], antennas suffer narrower AR bandwidth.

TABLE 1. Comparison between different circularly polarized antennas.

Ref AR<3 dB BW* [S11/<10 dB BW Dimensions

: &CF® & CF (XA
[26] 11.5%,4.89 GHz 27.7%,4.70 GHz _ 0.26x0.23x0.025
271  47.9%,178GHz 54.75%,1.79GHz  0.53x0.53x0.15
[28]  16.6%,4.53GHz  25.3%,4.14 GHz 0.38x0.38x0.20
[29]  34.8%,1.83GHz  53.0%,2.00GHz  0.18x0.18x0.088
[30]  20.4%,6.00 GHz  48.6%,5.96GHz  0.80x0.78x0.096
[31]  23.0%,323GHz 41.0%,3.13GHz  0.39x0.32x0.017
[32]  96.6%,7.16GHz  140.6%, 6.43GHz  0.74x0.49x0.012
[33] 91%, 3.85GHz 55%, 4.5GHz 0.29%0.29x0.01
[34]  95.7%, 2.3GHz 132%, 2.5GHz 0.24%0.16x0.004
[35]  129%,3.89GHz  129%, 3.89GHz 0.19%0.19%0.006
V{g;]s( 43.4%,3.07GHz  84.6%,4.00GHz  0.28x0.22x0.013

*BW: bandwidth.
°CF: center frequency.
“AL: Maximum wavelength of 3 dB AR band.
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FIGURE 19. Simulated and measured normalized radiation patterns at
(a) 2.4 GHz, (b) 3 GHz, and (c) 3.7 GHz.

In [32], [33], [34], [35], those bidirectional antennas achieve
larger AR bandwidth than the proposed antenna, but the pro-
posed antenna is superior to them in terms of radiation pattern
stability. Considering the dimension, impedance bandwidth,
AR bandwidth, and process complexity, the performance of
the proposed antenna has certain advantages.

V. CONCLUSION

The clock-shaped circularly polarized antenna has been pro-
posed based on characteristic mode analysis. To achieved
CP operation, two microstrip lines have been introduced for
the original circular ring, where three characteristic modes
have been selected and combined accordingly. The feed-
free structure satisfied the AR characteristics and operating
bandwidth. With the guideline of CMA, the feed struc-
ture has been set at the appropriate position and excited
the desired modes. The full-wave optimization has been
carried out for wideband AR, impedance matching, and
radiation performance. The measured results have demon-
strated the proposed antenna. The design method of the CP
antenna can be extended to other types of structures with
clear theoretical explanations and directional guidance for
optimization.
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