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Novel Broadband Monopole Antennas
With Dual-Band Circular Polarization
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Abstract—Novel broadband monopole antenna designs with
dual-band circular polarization (CP) are presented. The pro-
posed antenna comprised of a ground plane embedded with an
inverted-L slit, which is capable of generating a resonant mode for
broadband impedance-bandwidth, and excites two orthogonal F
vectors with equal amplitude and 90 ° phase difference (PD) for
radiating left-hand circular polarization (LHCP) at 2.5 GHz and
right-hand circular polarization (RHCP) at 3.4 GHz. A bevel is
cut in the rectangular radiator to increase the impedance-band-
width. The measured result of the impedance-bandwidth is about
4.46 GHz from 2.12 to 6.58 GHz; the 3-dB axial ratio (AR)
bandwidths are about 150 MHz at the lower band (2.5 GHz) and
230 MHz at the upper band (3.4 GHz). Furthermore, embed-
ding an I-shaped slit in the rectangular radiator and adding an
I-shaped stub in the ground plane, the impedance-bandwidth can
be further increased to 6.30 GHz (2.17-8.47 GHz), and the 3-dB
AR-bandwidth at the upper band is greatly enhanced from 230 to
900 MHz.

Index Terms—Axial ratio (AR), broadband antennas, circular
polarization (CP), monopole antennas.

1. INTRODUCTION

N recent years, printed monopole antennas have been devel-
I oped since they have many attractive features such as simple
structure, low profile, light weight, wide impedance-bandwidth,
and omnidirectional radiation patterns [1]-[3]. The antennas
are widely used for the wireless communication systems such
as GSM, DCS, PCS, IMT-2000, WLAN, and UWB. However,
these printed antennas are both tall and wide; they are few appli-
cations in handheld devices. In general, the radiation patterns of
the printed monopole antennas are linearly polarized (LP); they
are difficult to radiate circularly polarized (CP) radiation wave
which was generated by two near-degenerated orthogonal reso-
nant modes of equal amplitude and 90 ° phase difference (PD).
The essential feature of polarization diversity is that the signal
reception performance can be improved in the multipath fading
environment [4]. Therefore, the circularly polarized antennas
are often utilized in radar, satellite, radio frequency identifica-
tion (RFID), navigation, and sensor systems. If the monopole
antenna can generate the LP and CP radiation waves, the appli-
cations of the monopole antenna will be greatly enhanced.
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Fig. 1. Antenna 1, configurations of the proposed printed monopole antenna
with inverted-L slit.

Typically, the planar CP antenna is achieved through using
patch antenna [5]-[8] and slot antenna [9]-[12]. Previous re-
ports in [5] and [6] show that a CP patch antenna is introduced
by cutting slot. A coupling method of a fan-shaped patch for
CP antenna has been investigated in [7]. To reduce the size of
CP antenna, a cross-patch with a dual-band hybrid is proposed
[8]. These antennas can excite a pure CP radiation wave, but
the impedance- and AR-bandwidth are narrower than 10%. To
generate wider AR-bandwidth, many printed slot antennas are
designed [9]-[12]. In [9] and [10], the antenna structures con-
tain a ring slot which produces CP radiation waves by embed-
ding a slot or adding a shorted strip. In addition to ring slot, a
crosspatch-loaded is added in the centre of the square slot [11]
and a mono-strip is added in the circular slot [12] to excite two
near-degenerate orthogonal resonant modes of equal amplitude
and 90 °© phase difference for CP. In fact, the 3-dB AR-band-
width of slot antennas can be larger than 10%. However, the
10-dB impedance-bandwidth is less than 50%.

In this paper, novel broadband monopole antennas with dual-
band CP are proposed. A microstrip-fed monopole antenna with
an inverted-L slit in the ground plane, called Antenna 1, is pre-
sented in Fig. 1. It gives a broadband impedance-bandwidth of
102.5% at the center frequency of 4.35 GHz and the dual-band
CP radiation waves of 6.0% LHCP at the center frequency of
2.485 GHz (lower band) and 6.7% RHCP at the center frequency
of 3.425 GHz (upper band). In addition, Fig. 2 shows Antenna 2,
which is designed by embedding an I-shaped slit in monopole

0018-926X/$25.00 © 2009 IEEE
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Fig. 2. Antenna 2, configurations of the proposed printed monopole antenna
with inverted-L slit, I-shaped slit, and I-shaped strip.

radiator and adding an I-shaped stub in ground plane. It can fur-
ther increase the impedance-bandwidth to 118.4% and enhance
the 3-dB AR-bandwidth at the upper band to 23.1%. The re-
sults show that the two novel antennas can achieve broadband
impedance-bandwidth and dual-band CP. The impedance- and
AR-bandwidth are better than patch and slot antenna.

II. DESIGN OF ANTENNA 1 AND 2

The schematic diagrams of the proposed monopole antennas
are illustrated in Figs. 1 and 2, respectively. They were etched on
1.6-mm-thick FR4 substrate with relative permittivity e,, = 4.4
and loss tangent tan 6 = 0.024. The overall dimensions of the
antennas are about 40 x 39 x 1.6 mm 3. In general, the length
of monopole antenna is usually about a quarter-wavelength. The
approximate value for the length Ly of monopole radiating strip
is given by

Ag A c
Ly~ 22 = = (1)
4 4\/ Eeff 4\/ 5offfr
with
ert+1
Eeff = — (2)

where c is the speed of light, A, is the free-space wavelength
of the monopole resonant frequency f,., and e.g is the approxi-
mated effective dielectric constant [13]. The dimensions of the
rectangular radiator of the antennas (Lo x W) are 23.5 x
12 mm 2.

A. Antenna 1 Design

The general behavior of a monopole antenna is either vertical
or horizontal linearly polarized. If the conventional monopole
antenna is vertically linearly polarized, the radiation in the hor-
izontal direction is very weak. For this reason, the conventional
monopole antenna is very difficult to excite CP. CP is gener-
ated by two orthogonal E vectors (For, Ever) with equal am-

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 57, NO. 4, APRIL 2009

plitude and 90 ° phase difference (PD), where Fy,, and Eye,
denote the complex voltage in the horizontal and vertical plane,
respectively.

To achieve the CP radiation wave, see Fig. 1, an inverted-L
slit is embedded in the ground plane at the left side of the feed
line. The Fy,, of the inverted-L slit and Fv., of the rectangular
radiator have a phase difference of 90 ° which can excite CP.
The phase of the Fy,, leads Ev., about 90 ° and the LHCP
wave at the lower frequency (2.5 GHz) can be generated. At
the upper frequency (3.4 GHz), a RHCP wave is also excited,
because there is a 90 ° phase lag instead of 90° phase lead as
in the lower band. The effect of the length of inverted-L slit
(S2 + S3) on the AR will be discussed in Section IV.

The impedance-bandwidth can also be increased by this tech-
nique. In the operating frequency range, three resonant modes
are excited by the rectangular radiator and one resonant mode is
excited by the ground plane with the inverted-L slit.

Furthermore, a bevel is cut to adjust the impedance matching
[14]. Also, a 50-Ohm microstrip feed line of width W7 and
length L, is terminated with the standard SMA connector and
connected to an impedance transformer of width W5 and length
Lo.

B. Antenna 2 Design

To further enhance the impedance- and AR-bandwidth, the
I-shaped slit and stub are added in the rectangular radiator and
ground plane, respectively. The geometry of this Antenna 2 is
shown in Fig. 2. The I-shaped slit of length L, in the rectangular
radiator can excite a RHCP wave at the upper frequency band.
The I-shaped stub of length L3 in the ground plane can affect
the phase difference. The AR-bandwidth of the upper band can
be increased by adjusting the sizes of L3 and L. The detail
effects about the length (L3, L4) will be studied in Section IV.
Furthermore, the I-shaped slit and stub can excite a mode at
8.0 GHz, so that the impedance-bandwidth is further extended
to 6.30 GHz.

The positions of the I-shaped slit and stub can interfere with
the antenna performance resulting from tuning the inverted-L
slit. If the positions of the I-shaped slit and stub are designed
at the left side of the feed line, the characteristics of the ex-
tremely wide impedance-bandwidth and dual-band CP will be
destroyed. Therefore, they are embedded at the right side of the
feed line. Detailed dimensions are listed in Table. I.

III. SIMULATION AND MEASUREMENT RESULTS

There are three subsections: A) Studying the impedance-
bandwidth and resonant modes. The simulated and measured
return loss of Antenna 1 and 2 are discussed. The resonant
modes are explained by the simulated surface current distri-
butions for Antenna 1 and 2. B) Analyzing axial ratios. The
simulated and measured results of AR will show that Antenna 1
has dual-band CP and Antenna 2 enhances the AR-bandwidth at
the upper band. C) Illustrating the measured radiation patterns
and gains.

A. Impedance Bandwidth and Resonant Modes

The characteristics of the two monopole antennas were cal-
culated by Ansoft High Frequency Structure Simulator (HFSS)
software and measured by HP 8722C network analyzer.
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TABLE I

DIMENSIONS OF THE PROPOSED PRINTED ANTENNA 1 AND 2

Antennal Antenna2 Antennal Antenna2
Lo 23.5 mm 23.5 mm W, 12 mm 12 mm
L, 6.0 mm 6.0 mm W, 3.0 mm 3.0 mm
L, 9.5 mm 9.1 mm A 2.4 mm 2.4 mm
L; - 3.5 mm W3 - 0.5 mm
L, - 8.2 mm W, - 1.2 mm
S 1.0 mm 1.0 mm W5 - 13 mm
S, 6.0 mm 6.0 mm Py - 1.0 mm
S; 11.0 mm 11.0 mm B, 5.0 mm -
Sy 4.7 mm 4.0 mm B, 2.5 mm -
Ss 7.0 mm 7.0 mm Gy 2.5 mm 2.1 mm

Return Loss (dB)

—-—--Conventional (measured)

40

Antenna 1 (simulated)

Antenna 1 (measured)

50 : A — —
15 25 35 45 55 65 15 85 95

Frequency (GHz)

Fig. 3. Simulated and measured return loss of the conventional antenna and
Antenna 1.

Antenna 1: Fig. 3 compares the simulated and measured re-
turn loss for a conventional monopole antenna and Antenna 1.
In our experiments, the conventional monopole antenna con-
sists of a feed line, a rectangular radiator without the slit and
bevel, and a ground plane without the slit and stub. The mea-
sured impedance-bandwidth of Antenna 1 for 10-dB return loss
is from 2.12 to 6.58 GHz, which has about 4.46 GHz band-
width (102.5%), comparing to the conventional antenna only
has 0.73 GHz bandwidth (27%) from 2.34 to 3.07 GHz. Ac-
cording to the result of measured return loss, Antenna 1 per-
forms a wide bandwidth due to the four resonant modes which
are influenced and excited by the inverted-L slit. From the sim-
ulated result, these four resonant modes are: the three resonant
modes of monopole antenna at the center frequencies of 2.25,
4.65, and 6.35 GHz, and one resonant mode of the ground plane
at the center frequency of 3.35 GHz. In Fig. 4, the simulated sur-
face current distributions are presented for these four resonant
modes. In Fig. 4(a), (b), and (c), the simulation results show that
the three resonant modes of monopole antenna are influenced
by the inverted-L slit. Fig. 4(d) shows the most surface current
distributions are formed along the inverted-L slit to excite the
resonant mode of the ground plane. Therefore, the ground em-
bedded inverted-L slit can be used to excite extra resonant mode,
which provides extended bandwidth.

Fig. 5 describes the effect of the cutting bevel on the mea-
sured return loss. For the rectangular radiator without the bevel,
the third and fourth resonant modes of the Antenna 1 are ex-
cited at 4.40 and 6.40 GHz, respectively. With the presence of
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S, 0000e 001

l .
. 000001
3. S008+001
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2. 0000001

1. 500001

1.0000e001
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(©) (d)

Fig. 4. Simulated surface current distributions of Antenna 1: three resonant
modes of monopole (a) 2.25 GHz; (b) 4.65 GHz; (c) 6.35 GHz; and one resonant
mode of ground plane (d) 3.35 GHz.

the cutting bevel, the third mode is shifted to higher frequency
and the fourth mode is shifted to the lower frequency. Thus, the
impedance-bandwidth can be increased.

Based on the discussion above, we can realize that due to the
combination of the four resonant modes, the impedance-band-
width can be increased from 27% of conventional monopole an-
tenna to 102.5% of Antenna 1. The experimental results verify
that the method of embedding inverted-L slit in ground plane
and cutting the bevel in the rectangular radiator can increase
impedance-bandwidth.

Antenna 2: Fig. 6 illustrates the simulated and measured re-
turn loss of Antenna 2. The 10-dB bandwidth of measured re-
turn loss is extended to 6.30 GHz or about 118.4%, covering
the range from 2.17 to 8.47 GHz. The resonant modes of An-
tenna 2 are at: 2.93, 3.37, 6.0, and 8.0 GHz which are affected
by embedding the I-shaped slit and adding I-shaped stub. There-
fore, these resonant modes are differed from Antenna 1. From
Fig. 7(a)—(c), it can be clearly seen that the resonances at 2.93,
3.37, and 6.0 GHz are interfered with the I-shaped slit in the
rectangular radiator and the I-shaped stub in the ground plane.
In addition, this method excites one resonant mode at 8.0 GHz.
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Fig. 5. Comparison the measured return loss of Antenna 1 with and without

the bevel.
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Fig. 6. Simulated and measured return losses against frequency for the pro-
posed Antenna 2.

In Fig. 7(d), the maximum surface current is localized in the
I-shaped stub and slit to yield a resonant mode at 8.0 GHz. Due
to the four resonant modes affected by the I-shaped stub and slit,
they combined to form a broadband impedance-bandwidth.

The simulated return loss of the Antenna 2 with and without
I-shaped stub is compared in Fig. 8. A resonant mode at the
center frequencies of 9.0 GHz can be shifted to 8.0 GHz by
using I-shaped stub to increase the impedance-bandwidth. Fur-
thermore, this technique of embedding the I-shaped slit and stub
can also improve the AR-bandwidth at the upper band (3.4 GHz
band). Details of the results of AR will be described in next
subsection.

B. Axial Ratios

Antenna 1: The simulated and measured AR and PD results
of the lower and upper bands at the broadside direction are
plotted in Fig. 9(a) and (b). The measured 3-dB AR-bandwidths
reach 150 MHz from 2.41 to 2.56 GHz (lower band) or about
6.0% with respect to the center frequency at 2.485 GHz, and
230 MHz from 3.31 to 3.54 GHz (upper band) or about 6.7%
with respect to the center frequency at 3.425 GHz. From the
measured PD results, the PD of the lower band is close to 90 °
to generate a LHCP wave, and a RHCP wave is achieved at the
upper band by the PD of —90°. In addition, the measured PD
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Fig. 7. Simulated surface current distributions of Antenna 2: (a) 2.93 GHz;
(b) 3.37 GHz; (c) 6.00 GHz; and (d) 8.00 GHz.
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Fig. 8. Comparison the simulated return loss of Antenna 2.

as function of frequency varies less than the simulation result;
therefore the measured 3-dB AR-bandwidth is wider than the
simulation. From the results, we can see that the AR-bandwidth
could be greatly increased, if the variation of the PD can be kept
about 90 ° or —90 ° as function of frequency.

Antenna 2: Fig. 10(a) and (b) shows the simulated and mea-
sured AR and PD results of the lower and upper bands at the
broadside direction. From Fig. 10(a), it appears that the 3-dB
AR-bandwidth is from 2.41 to 2.55 GHz approximately 5.6%
with respect to the center frequency at 2.48 GHz. To compare
Fig. 9(a) to Fig. 10(a), it can be found that the characteristic of
AR at the lower band is slightly affected by the I-shaped slit and
stub.

From the measured results of upper band which compare
Fig. 10(b) with Fig. 9(b), we can see the first CP mode
(3.6 GHz) excited by inverted-L slit and the second CP mode
(4.2 GHz) generated by the I-shaped slit and stub are combined
to form a wider AR-bandwidth at the upper band than Antenna
1. In addition, the variation of the PD at the upper band can
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Fig. 9. Simulated and measured axial ratio and phase difference of Antenna 1.
(a) Lower band. (b) Upper band.

be kept about —90° from 3.5 to 4.2 GHz by the I-shaped
slit and stub. The measured 3-dB AR-bandwidth can greatly
extend to about 900 MHz from 3.45 to 4.35 GHz or about
23.1% with respect to the center frequency at 3.90 GHz. Thus,
the AR-bandwidth of Antenna 2 at the upper band has been
improved from 6.7% of Antenna 1 to 23.1% of Antenna 2. The
measured minimum AR of LHCP is 0.41dB at 2.49 GHz and
RHCP is 0.71 dB at 4.2 GHz.

The performances of the conventional and two proposed An-
tennas are summarized in Table II. In Antenna 1, inverted-L slit
can greatly increase impedance-bandwidth and excite dual-band
CP. In Antenna 2, the impedance- and AR-bandwidth at the
upper band can be further improved by embedding an I-shaped
slit and adding an I-shaped stub.

C. Radiation Patterns and Gains

The measured normalized radiation patterns at XY -plane and
X Z-plane of Antenna 1 are displayed in Fig. 11. It is noted
that the radiation patterns are not omnidirectional because the
structure of the proposed antennas is not symmetrical and the
radiation patterns are influenced by slit and stub. Therefore, it
can not achieve the requirement for handheld devices. We ob-
serve that good LHCP and RHCP radiation patterns are excited
in the lower and upper band, respectively. The measured 3-dB
AR beam widths in the XY - and X Z-plane are 101° and 34°,
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Fig. 10. Simulated and measured axial ratio and phase difference of Antenna
2. (a) Lower band. (b) Upper band.

respectively, at 2.50 GHz in Fig. 11(a). In Fig. 11(b), the 3-dB
AR beam widths are 49° and 24° at 3.44 GHz. The measured
normalized radiation patterns of Antenna 2 at three different fre-
quencies of 2.49, 3.70, and 4.20 GHz are shown in Fig. 12. The
measured 3-dB AR beamwidths of Antenna 2 at 2.49, 3.70, and
4.20 GHz are 88°, 76°, and 66°, respectively, in the XY -plane.
In the X Z-plane are 27°, 31°, and 27°. In addition, the max-
imum measured gains of Antenna 2 at 2.40, 3.70, and 4.20 GHz
are about 0.77, 0.97, and 1.92 dBi, respectively. From Figs. 11
and 12, the CP of the antenna at +X and —X direction is the op-
posite polarization, the reason is because the Fv, on the top and
bottom surface of the substrate remains the same phase; how-
ever, the Fy,, on the top and bottom surface of the substrate is
180° out of phase.

IV. PARAMETRIC STUDIES
This section focuses on the effects of various parameters on
the AR. The performance of AR at the broadside direction is
mainly affected by the dimensions of inverted-L slit (Sz + S3)
of Antenna 1, and I-shaped slit (L) and I-shaped stub (L3) of
Antenna 2.

A. Inverted-L Slit of Antenna 1

Fig. 13 exhibits the effects of adjusting the total length of in-
verted-L slit (S2 + S3) of Antenna 1 on the center frequency
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TABLE II
PERFORMANCE OF CONVENTIONAL AND PROPOSED ANTENNAS

Conventional Antenna 1 Antenna 2
Siowes: (GHz) 2.34 2.12 2.17
Imp. BW (GHz, %) 0.73,27 % 4.46,102.5 % 6.30,118.4 %
Lower-band AR-BW
(MHz, %) none 150, 6.0 % 140, 5.6 %
Upper-band AR-BW
(MHz, %) none 230, 6.7 % 900, 23.1 %
CP:241~256GHz CP:241~2.55GHz
Polarization LP 3.31 ~3.54 GHz 3.45~4.35GHz
LP : others LP : others
X X

3.44 GHz XY-Plane

RHCP
180 180

(®)

3.44 GHz XZ-Plane
RHCP
----- LHCP

Fig. 11. Measured radiation patterns of Antenna 1 in the XY- and XZ-plane.
(a) 2.50 GHz. (b) 3.44 GHz.

of AR and 3-dB AR-bandwidth at the lower band frequency.
The lower and upper bands are affected by the total length of
inverted-L slit. It is clearly seen that the center frequency of AR
decreased as the length of the inverted-L slit increased. There-
fore, the center frequency of CP is mainly controlled by the in-
verted-L slit. In addition, the 3-dB AR-bandwidth is affected
by the total length of inverted-L slit, which can be optimized by
tuning the parameters (Sz+ Ss3). From the simulated results, the
characteristic of CP is determined by the length of inverted-L slit
(52 + 53)

B. [-Shaped Slit and Stub of Antenna 2

The simulated upper band AR and PD results of Antenna
2 at the different length of I-shaped slit (L4) are plotted in
Fig. 14. The I-shaped slit with three different lengths, 7.2, 8.2,
and 9.2 mm, are analyzed as other parameters are fixed. From

180 180

(b)

Fig. 12. Measured radiation patterns of Antenna 2 in the XY- and XZ-plane.
(a) 2.49 GHz. (b) 3.70 GHz. (c) 4.20 GHz.

Fig. 14(a), the first CP mode is about 3.5 GHz, which is excited
by inverted-L slit, and it is affected slightly when varying the
length L4. However, the second CP mode is strongly dependent
on Ly. When Ly = 9.2 mm, there is only one CP mode. Thus,
the 3-dB AR-bandwidth is quite narrow. From the case of L4 =
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Fig. 13. Simulated center frequency of axial ratio and 3-dB axial ratio band-
width for the inverted-L length of Antenna 1. (a) Lower band. (b) Upper band.

8.2 mm, two CP modes are shown and the two bands resulting
from the two CP modes are merged into one broad CP band.
As Ly is decreased to 7.2 mm, the frequency of the second CP
mode is increased to 4.36 GHz, so that the upper band is turned
into two bands. Therefore, by properly tuning L4, the two CP
modes can be combined to form a wider AR-bandwidth. How-
ever, from Fig. 14(b), it can clearly be found that although for
Ly = 7.2 mm, the PD is kept roughly —90° at 3.8 GHz, but
the AR [see Fig. 14(a)] is not less than 3 dB at 3.8 GHz. There-
fore, because the magnitudes of two orthogonal F vectors are
not equal, this radiation wave becomes elliptic polarization in-
stead of circular polarization at 3.8 GHz. Based on this study,
we choose Ly = 8.2 mm.

The effects of the length of I-shaped stub L3 on AR and PD at
the upper band are depicted in Fig. 15. From studying these data,
there are two important points to be found. First, in Fig. 15(a),
the length of I-shaped stub can affect the second CP mode of
the upper band. However, compared with Fig. 14(a), L, is more
affective than L3 for tuning the second CP mode. Second, from
Fig. 15(b), itis observed that the variation of PD can be tuned by
different L3. Note that the variation of PD is important for CP.
When L3 = 4.0 mm, the variation of PD from 3.5 to 3.9 GHz
is kept roughly —90° in Fig. 15(b), and the AR is also less than
1.5 dB to activate a good CP in Fig. 15(a).
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Fig. 14. Simulated phase difference and axial ratio of the I-shape slit length of
Antenna 2 at upper band. (a) Axial ratio. (b) Phase difference.

According to these study results of L4 and L3, the frequency
of the second CP mode is mainly controlled by L4, and the PD
of the second CP mode is mainly controlled by Ls. Therefore,
the widest 3-dB AR-bandwidth can be reached at the upper band
by properly adjusting L4 and Ls.

V. CONCLUSION

The broadband monopole antennas with dual-band circular
polarization have been developed. In Antenna 1 design, an in-
verted-L slit embedded in the ground plane can not only be
used to enhance the impedance-bandwidth, but also to excite
dual-band circularly polarized radiation waves. The measured
impedance-bandwidth is 102.5% from 2.12 to 6.58 GHz, and the
3-dB AR-bandwidths of dual-band CP wave are about 6.0% for
LHCEP at the lower band and 6.7% for RHCP at the upper band.
Furthermore, a method used to enhance the impedance- and
AR-bandwidth is proposed. Antenna 2 demonstrates by embed-
ding an I-shaped slit in the rectangular radiator and by adding
an I-shaped stub in the ground plane can further increase the
impedance-bandwidth and AR-bandwidth of the upper band.
The measured results show that the impedance-bandwidth was
enhanced from 102.5% to 118.4%, and the 3-dB AR-bandwidth
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Fig. 15. Simulated phase difference and axial ratio of the I-shape stub length
of Antenna 2 at upper band. (a) Axial ratio. (b) Phase difference.

at the upper band was improved from 6.7% to 23.1%. The pro-
posed antennas, which have simple structure, excellent perfor-
mances, and fabricated easily, are very suitable for the modern
wireless commutation system.
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