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Linear-to-Circular Polarization Conversion
Using Metasurface

H. L. Zhu, S. W. Cheung, Senior Member, IEEE, Kwok Lun Chung, Senior Member, IEEE, and
T. 1. Yuk, Member, IEEE

Abstract—A metasurface (MS) used to convert the linearly po-
larized (LP) signal from a source antenna into a circularly polar-
ized (CP) signal is proposed and studied. The MS consists of 16
unit cells arranged in a 4 x 4 layout. Each unit cell is a rectangular
loop with a diagonal microstrip. By placing close to a source an-
tenna, the MS converts the LP signal generated from the source
antenna into a CP signal. Two source antennas (patch and slot an-
tennas) are used for studies. The source antenna together with the
MS is here called a MS antenna. A total of four low-profile MS an-
tennas operating at the frequency of about 2.45 GHz are designed
using computer simulation. For verification of simulation results,
the MS antennas are fabricated and measured. Simulated and mea-
sured results show good agreements. Results show that the MS an-
tennas have substantially better performances, in terms of gain, re-
turn-loss bandwidth (RLBW), axial-ratio bandwidth (ARBW) and
radiation pattern, than the source antennas. Moreover, the ARBW
of the MS antennas is mainly determined by the MS.

Index Terms—Axial-ratio bandwidth (ARBW), metasurface,
metasurfaced antenna, polarizer, return-loss bandwidth (RLBW).

I. INTRODUCTION

ETASURFACE (MS), a two-dimensional equivalent

of metamaterial, has been attracting attention for
researchers [1]-[3]. Some researchers have considered MS
as a particular case of frequency-selective surface (such as
split-ring resonators, complementary split-ring resonators [4],
[5], thin wire media [6] and isotropic elements [7]), which
has been well-known for the past 50 years. However, other
researchers have considered MS as a new periodic structure
different from frequency-selective surface [2]. Many studies
have been carried out on using MSs in different applications
[1]-3] and in well-known applications such as compact cavity
resonators [8]-[10] and controllable smart surfaces [11]-[13].
Planar antennas have many advantages such as low profile and
low cost, but one of the main disadvantages is low gain. The
typical directivity of a patch antenna is only about 6 dB and
the return-loss bandwidth (RLBW) is proportional to the ratio
of the dielectric-slab thickness to the operating wavelength in
free space [14]. In general, the thickness of the dielectric-slab
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is much smaller than the wavelength in free space, so the
RLBW of a patch antenna is very narrow (0.5%—-3%). These
factors restrict the uses of patch antennas to low-gain and
narrowband communication systems. MS has a planar structure
and can be easily combined with a planar antenna to form new
applications, yet maintaining the advantage of low profile and
low cost. In [15]-[17], it was proposed to use MS to enhance
the RLBW and gain of planar antennas (which are called the
source antennas in such applications), yet achieving the low
profile characteristic.

In this paper, we propose to use MS to convert the linearly
polarized (LP) signal generated from a source antenna into a
circularly polarized (CP) signal with wider RLBW and higher
gain. In our proposed configuration, the source antenna is placed
at a short distance of 1/17Aq (where Ag is the operating wave-
length in free space) from a MS which consists of 16 identical
unit cells on a substrate having a size of Ag X Ag. The same unit
cell was used to enhance the performance of a CP patch antenna
in [15] which inspired us to use here to convert a LP source an-
tenna into a CP antenna. The main advantages of our proposed
design are 1) compact size, 2) simple configuration to achieve
LP-to-CP conversion, 3) low cost, 4) using a simple source an-
tenna (patch or slot antenna), and 5) wide operating bandwidth.
The basic idea of the MS proposed here was briefly introduced
in [18]. As a progress and much more detailed study compared
to [18], two simple source antennas, a patch antenna and a slot
antenna, together with two MSs having mirror images of each
other, are used for detailed investigation in this paper. Results
show that the MS can convert a LP signal into a left-handed cir-
cularly polarized (LHCP) or right-handed circularly polarized
(RHCP) signals at microwave frequencies with excellent perfor-
mances in terms of the RLBW, axial-ratio bandwidth (ARBW)
and realized gain.

To the best knowledge of the authors, there is no other an-
tenna of this kind using the similar approach to convert a LP
signal into a CP signal. The one relatively close our approach
was presented in [19] which employed a CP reflect array to con-
vert a LP signal generated from a Vivaldi antenna (the source
antenna) into a CP signal. The reflect array consisted of 37 unit
cells with different sizes in 3 layers and was placed at a distance
of about 28y away. The design had a much larger volume and
higher profile than our proposed designs.

II. DESIGN OF MS ANTENNAS

The MS antenna proposed here is composed of a MS and
a source antenna, both designed using planar technology. The
source antenna generates a LP signal which is converted into
a CP signal through the use of the MS. Fig. 1(a) shows the

0018-926X © 2013 IEEE
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Fig. 1. (a) Unit cell, (b) RH-MS, and (c) LH-MS.
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geometry of the unit cell used in our MSs. Each unit cell
is a rectangular loop with a diagonal microstrip. The MSs
consist of 16 unit cells in a 4 x 4 arrangement as shown in
Fig. 1(b) and (c). The right-handed metasurface (RH-MS)
shown in Fig. 1(b) is used to convert a LP signal into a RHCP
signal, while the left-handed metasurface (LH-MS) shown in
Fig. 1(c), having a mirror image of the RH-MS, is used to
convert a LP signal into a LHCP signal.

Two source antennas, a simple patch antenna and a simple
slot antenna, are used in our studies to design our MS antennas.
Fig. 2 shows one of our proposed MS antennas using a simple
patch antenna as the source antenna to generate LP signal for
conversion. The patch antenna with microstrip-fed, as shown
in Fig. 2(a), has a rectangular patch with a size of W, x L, =
53x 32 mm? printed at the centre of the substrate on one side and
a ground on the other side. The microstrip feed line has a two-
stage A /4-impedance convertors for better impedance matching
in the presence of the MS. The MS and patch antenna, as shown
in Fig. 2, are designed on two Rogers substrates, RO4350B,
having the thicknesses of £; = 0.762 mm and 5 = 1.524 mm,
respectively, with a dielectric constant of ¢, = 3.48 and a lost
tangent of 6 = 0.0031. They are separated by a cavity height
of hy = 6 mm and, for convenience in implementation, are de-
signed to have the same area of 7y x T, = 120 x 120 mm?.
Results have shown that, when the LH-MS shown in Fig. 1(c)
is used as the MS in Fig. 2(b), the MS antenna will convert the
LP signal generated from the patch antenna into a LHCP signal.
This MS antenna is denoted here as MS Ant 1. However, if the
LH-MS shown in Fig. 1(b) is used instead, the MS antenna will
convert the LP signal into a RHCP signal and the MS antenna
is denoted here as MS Ant 2. Since MS Ant 1 is identical to
MS Ant 2, except that the MSs used are mirror images of each
other, it is expected that they will have the same performance in
terms of RLBW, ARBW and realized gain, but orthogonal polar-
izations. These will be verified by simulation and measurement
described later.

Another source antenna used in our studies is a slot antenna
having a slot of L, x W, etched at the centre on one side (the
ground plane) of the substrate as shown in Fig. 3(a). A 50-2 feed
line is printed on the other side of the substrate. The length L
and width Wy of the feed line are used for impedance matching.
The MS and slot antenna are separated by a cavity height of
hy = 7 mm and, again, for convenience, both the MS and slot
antenna are designed to have the same area of 120 x 120 mm?
and on the Rogers substrates, RO4350B, having the electrical
parameters described previously. Simulation results have shown
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Fig. 2. (a) LP patch antenna (source antenna) and (b) side view of MS antenna.
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Fig. 3. (a) LP slot antenna (source antenna) and (b) side view of MS antenna.

TABLE 1
DIMENSIONS OF MS (UNIT: mm)

Py Py a b w; w, T
26.25 | 24.15 23.1 22.05 1.05 1.26 120

that using the RH-MS and LH-MS shown in Fig. 1(b) and (c) as
the MS in Fig. 3(b) will generate a RHCP and a LHCP signals,
respectively, and the corresponding MS antennas are denoted
here as MS Ants 3 and 4.

Simulation studies have showed that the four MS antennas
can generate CP signals. More studies have showed that, with
the use of the MSs, the four MS antennas always have two
lowest dips in axial ratio (AR) at around 2.4 and 2.6 GHz, re-
gardless of which source antenna is used. Moreover, the re-
turn-loss bandwidths (RLBWs) for RL. > 10 dB are much wider
than the axial-ratio bandwidths (ARBWs) for AR, < 3 dB which
therefore determine the operating bandwidths of the antennas.
Since the main function of our MS antennas is to convert LP
signals into CP signals, the performances of these antennas have
been optimized in terms maximizing the ARBW using various
parameters of the MS through computer simulation. In the op-
timization process, we maximized the spacing between the two
dips, yet keeping the AR below 3 dB between them. The opti-
mized dimensions of the MS, and the dimensions of the patch
antenna and slot antenna are listed in Tables I-III, respectively,
which are used to fabricate the MSs, patch antenna and slot an-
tenna as shown in Figs. 4 and 5.

III. STUDY OF METASURFACE

From the optimization process, it is found that the parame-
ters P, Py, a, b and w; are most sensitive to the two lowest
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TABLE II 30+
DIMENSIONS OF PATCH ANTENNA (UNIT: mm)
254 [——Pr=2575mm
[——Px=
[ Px = 26.
Wl Lp | wa | we | ws | o | o | b5 g 2]
53 32 2 1 4.8 17 17 10 § 151
g 10
TABLE III 51
DIMENSIONS OF SLOT ANTENNA (UNIT: mm) 0
20 22 24 26 238 30
W 7 I W 1% Freque(nc;/ (GHz)
s s f ' s a
5.8 34 2.5 3 57.1 30
25 i’:iz.?z’&*sﬁi
‘—If\' =24.15 mm|
|z Py = 23.65 mm
g 20
£ 151
o
g 10
54
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Fig. 4. (a) LHCP metasurface (LH-MS) and (b) RHCP metasurface (RH-MS).
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Fig. 5. (a) Microstrip-fed patch antenna and (b) line-fed slot antenna. [—5=205mm

——b=21.05mm
[ b = 21.5 mm

ARs (dips) at around 2.4 and 2.6 GHz, regardless which source
antenna is used. Thus a parametric study is carried out on the ef-
fects of these parameters on the AR using MS Ant 3 and results
are shown in Fig. 6(a)—(e). In these figures, the blue lines show

Axial Ratio (dB)

the optimized performance using P, = 26.25, P, = 24.15, O 55 34 58 25 5
a = 23.1,b = 22.05 and w; = 1.05 mm in the MS. It can Frequency (GHz)

be seen that the AR has two lowest dips of 1 and 0 dB at 2.42 L

and 2.58 GHz, respectively, and a peak of 2.8 dB at 2.52 GHz ]

between the two dips. 25+ [ =08smm
Fig. 6(a) shows that, when P, is decreased from 26.25 to %04 —_— 1;?:{:
25.75 mm, the two dips move away from each other to 2.32 and % 5] =
2.6 GHz with AR = 1 and 2.5 dB, respectively, but the peak &
shoots up to 7 dB at 2.5 GHz between the two dips. When F, 3 101
is increased to 26.75 mm, the two dips merge together with a 54
minimum AR of 1 dB at 2.54 GHz. Thus P,. can be used to ad- 0 ' . \ . '
justthe ARBW. When P, is increased from 24.15 to 24.65 mm, 20 22 Fi:uemy (éﬁz) 28 30
Fig. 6(b) shows that again the two dips move away from each ©

other with AR = 0 and 0.2 dB at 2.4 and 2.66 GHz, respec-

tively, and the peak shoots up to 7 dB at 2.56 GHz. When P, is  Fig. 6. Simulated AR with different () P, (b) Py, (¢) @, (d) b, and (¢) w..
decreased to 23.65 mm, the two dips move towards each other,

but the peak shoots up to 13 dB at 2.55 GHz. So P, has the sim-

ilar effect to P,, on the ARBW, but in an opposite way. When the lower-frequency dip shifts down to 2.3 GHz. The higher-fre-
a is increased from 23.1 to 23.5 mm, Fig. 6(c) shows that only quency dip remains unchanged at 2.58 GHz with AR = 0 dB,
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and the peak shoots up to 7 dB at 2.5 GHz. When « is decreased
to 22.5 mm, the two dips merge together with a minimum AR
of 1 dB at around 2.6 GHz. Thus a can also be used to adjust the
ARBW by using the lower-frequency dip. Fig. 6(d) shows that
the parameter b affects the higher-frequency dip. When b is de-
creased from 21.05 to 20.5 mm, the AR of the lower-frequency
dip decreases to 0.1 dB with frequency remaining at around
2.42 GHz and the higher-frequency dip shifts up to 2.7 GHz with
AR =1 dB. The peak goes slightly higher to 5 dB at 2.6 GHz.
When b is increased from 21.05 to 21.5 mm, the higher-fre-
quency dip shifts down to 2.55 GHz, but the peak shoots up
to 14 dB at 2.5 GHz. So b can be used to adjust the ARBW by
moving the higher-frequency dip. Fig. 6(e) shows that w; af-
fects both the higher- and lower-frequency dips. When w1 is
decreased from 1.05 to 0.85 mm, both higher- and lower-fre-
quency dips shift down to about 2.38 and 2.55 GHz, respec-
tively. The peak is about 3 dB at 2.48 GHz. When w; is in-
creased to from 1.05 to 1.25 mm, the two dips shift up to 2.42
and 2.63 GHz. In these two cases, the peak is about the same at
2.8 dB, so w; can also be used to adjust the frequencies of both
dips.

The E-field distribution has been used to further study the
operation of the antenna. The simulated E-field distribution on
the MS in the opposite side of the source antenna at 2.4 GHz
is shown in Fig. 7, where it is assumed that the phase at which
the vertical E-field reaches the maximum is 0°. It can be seen
that strong E-fields are emitted from the gaps between the unit
cells. At 0° and 180°, the E-fields are mainly emitted from the
horizontal gaps, producing vertically LP signals. While at 90°
and 270°, the E-fields are mainly emitted from the vertical gaps
between the unit cells, producing horizontally LP signals. Thus
the vertical and horizontal gaps between the unit cells on the
MS take turn to emit a horizontally and vertically LP signals,
respectively, generating a CP signal. We have also carried out
the same study using the MS without having the diagonal mi-
crostrips on the unit cells. Results showed that only the vertical
gaps would emit E-fields and so produce no CP signal.

IV. EQUIVALENT CIRCUIT OF METASURFACE

Here we use equivalent circuits to explain how the proposed
MS structure can convert LP to CP. Consider the LH-MS shown
in Fig. 1(c) which is used in our proposed antenna to converts
LP to CP. The MS is re-drawn in Fig. 8(a), where the pattern
enclosed by the red square can be regarded as a new unit cell of
the same MS. For convenience in description, the new unit cell
is enlarged and shown in Fig. 8(b) with the strips numbered as
S0,S1, - - -, and sg. Fig. 8(c) shows the same new unit cell with
diagonal strips sg and sg removed. When the LH-MS in Fig. 8(a)
is placed close to a source antenna which generates a LP signal
as in our MS antenna, an E-field will be developed along the
y-axis direction as shown in Fig. 8(b), which can be resolved

— —
into two orthogonal components £ 1 and £ » as shown in the
same figure. If the diagonal strips are removed from the unit cell

as shown in Fig. 8(c), the component ﬁl will see the unit cell
as a RLC circuit shown in Fig. 9(a) with impedance given by

1
Z:R+]<wLw—C) (1)
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Fig. 7. E-field distribution on MS with diagonal line. (a) 0°; (b) 90°; (c) 180°;
(d) 270°.

where C' is the capacitance formed by the E-fields across the
gaps between strip pairs (89,81 ), (82,83) and between (s4, 85)
and (sg.87), L is the inductance formed by the currents flowing
on the strips, and R is the resistance of the strips. For symmetry,

the component Ez will also see the same impedance given by
(1). If diagonal strips sg and sg are present in the new unit cell as

shown in Fig. 8(b), the impedances Z; and Z> seen by E 1 and

E 2, respectively, will be changed and different. For ¥l 1, the
additional E-fields landed on strip sg and sg will produce capac-
itance, denoted as C,, here, in parallel with C', with the equiva-
lent shown in Fig. 9(b). The resultant capacitance of C//C, is
less than C and so making Z; less capacitive than Z. Whereas

for fg, the additional currents flowing on strips sg and sg will
produce inductance, denoted as L, here, in parallel with L, with
the equivalent circuit shown in Fig. 9(c). The resultant induc-
tance of L/ /L, is less than L and so making Z5 less inductive.
Since 7 is less capacitive than Z and Z5 is less inductive than
Z, E 1 will lead E 5 by ang(Z; — Z») after going through the
MS. From Fig. 9(b) and (c), the impedances %1 and Z» can be
written, respectively, as

R O ), ®

! 3
w) (3)

If the MS is designed such that |Z;| = |Zs| and ang(7; —
Z5) = 90°, the resultant E-field will be LHCP and rotating in
the anticlockwise direction. In the above analysis, if the RH-MS
in Fig. 1(b) is used instead, then the diagonal strips will cause
Z1 and Z» to be less inductive and less capacitive, respectively,

Zy=Hs+j (W(L//Lp) -

than Z. As a result, E)l will be lagging Ez and the resultant
E-field will be RHCP and rotating in the clockwise direction.
This analysis agrees with our simulation and measurement.
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Fig. 8. (a) LH-MS, (b) new unit cell, and (c) new unit cell with diagonal strips
removed.
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Fig. 9. Equivalent circuits of (a) new unit cell with diagonal strips removed

seen by fl and fg , (b) new unit cell seen by fl , and (c) new unit cell seen
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V. SIMULATION AND MEASUREMENT RESULTS

The patch antenna, the slot antenna and the MS antennas have
been studied, designed and optimized using computer simula-
tion. For verification of the simulation results, these antennas
have been fabricated using our prototype machine and measured
using the antenna measurement system, Satimo Starlab.

A. Return-Loss Bandwidth

The simulated and measured return losses (RLs) of the patch
antenna, MS Ants 1 and 2, are shown in Fig. 10, and the RLs
of the slot antenna, MS Ants 3 and 4 are in Fig. 11. It can be
seen that the simulated results agree well with the measured re-
sults. The differences are due to 1) the fabrication tolerances
of the prototype machine in our laboratory (which could make
the narrowest microstrip line of only 0.2 mm), 2) the align-
ment tolerance of the source antenna with the MS in assembling
the MS antenna, and 3) the measurement uncertainty. Fig. 10
shows that, the patch antenna alone has a measured RLBW (for
RL > 10 dB) of only about 50 MHz (a fractional bandwidth
of only 2%). With the use of the MS, the RLBWs are substan-
tially increased to 380 MHz (a fractional bandwidth of 15.5%),
from 2.3 to 2.68 GHz, for MS Ant 1, and to 430 MHz (17.6%),
from 2.27 to 2.7 GHz, for MS Ant 2. Note that both MS antennas
have similar performances (but different polarizations as shown
later) for the reason described previously. For the slot antenna
alone, Fig. 11 shows that the measured RLBWs are only about
200 MHz. However, when the MS is used, the RLBWs for MS
Ants 3 and 4 are substantially increased to 630 MHz (25.7%),
from 2.05 to 2.68 GHz, and to 615 MHz (25.1%), from 2.075 to
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Fig. 10. Simulated and measured RLs of patch antenna only and (a) MS Ant 1
and (b) MS Ant 2.

2.69 GHz, respectively. Again, both MS antennas have similar
performances (but orthogonal polarizations as shown later).

These results show that the RLBWSs can be substantially in-
creased by using the MSs. The reason for the improvements
of RLBW, in fact, can be seen in the results of Figs. 10 and
11, which indicate that the source antennas have only one res-
onance in the frequency band from 2 to 3 GHz, but the MS an-
tennas have more than one resonance across the same frequency
band. Thus to increase the RLBW, the dimensions of MS an-
tenna should be adjusted to generate more resonances at the ap-
propriate frequencies.

B. Axial-Ratio Bandwidth

In the design of CP antennas, AR is one of the important fac-
tors to be considered. The simulated and measured ARs in the
boresight of the MS antennas are shown in Fig. 12. The simu-
lated and measured results in general agree well. It can be seen
that the higher-frequency dips in the measured results are about
40 MHz lower than those of the simulated results and with re-
duced deepness. As described previously, the differences are
due to 1) the fabrication tolerance, 2) the alignment tolerance,
and 3) the measurement uncertainty. It should be noted that the
AR is quite sensitive to the dimensions of the MS, as shown
in Fig. 6(a)—(e). A small change of 0.5 mm in “P,,” “P,,” or
“b” of the unit cells can easily alter the frequency and deepness
of the AR dip. Since the smallest dimension that we can fabri-
cate antennas using the prototype-machine in our laboratory is
0.2 mm, the fabrication tolerance could easily cause discrepan-
cies between the simulated and measured results.
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Fig. 11. Simulated and measured RLs of slot antenna only and (a) MS Ant 3
and (b) MS Ant 4.

The results in Fig. 12 indicate that the ARBW is determined
by the MS, instead of the source antenna. The ARBWs of the
four MS antennas are less than the RLBWSs shown in Figs. 10
and 11, and so determine the operating bandwidths of the an-
tennas.

More simulation tests have been carried out to study the fre-
quency response of AR for the CP signal at different angles 6
of incidence in the far field. MS Ant 3 has been used for study
and results are shown in Fig. 13. It can be seen that the ARBW
(for AR < 3 dB) reduces as the angle of incidence in the xz
or yz planes deviates from 0°. This is because the MS antennas
has been maximized in term of ARBW for AR < 3 dB at the
boresight, so any change in the optimized condition will reduce
the ARBW. Of course, if the MS antenna is designed to operate
at a large angle of incidence, then maximizing # should be used
as the criterion for optimization in the design process.

C. Realized Gain

The simulated and measured results of the realized LHCP
and RHCP gains of the MS antennas are shown in Fig. 14. For
comparison, the co-polar gains of the LP source antennas are
also shown in the same figures. The cross-polar gains of the
source antennas are too small to be shown in the same figure and
so are omitted. It can be seen that the simulated and measured
results have good agreements. Fig. 14(a) shows that the patch
antenna alone has a measured 5-dB bandwidth of only 50 MHz
(from 2.47 to 2.52 GHz) and a measured peak gain of 5.8 dB at
the 2.48 GHz. By adding the LH-MS, MS Ant 1 has the realized
LHCP and RHCP gains of about 9 and —12 dB, respectively,
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Fig. 12. Simulated and measured ARs of (a) MS Ant 1, (b) MS Ant 2, (¢c) MS
Ant 3, and (d) MS Ant 4.

at 2.45 GHz. The LH-MS, acting like a polarizer, changes the
polarization of the source antenna from LP to LHCP. MS Ant 1
offers a 5-dB enhancement in the realized gain at 2.45 GHz and
achieves about 8-dB in the operating bandwidth from 2.38 to
2.56 GHz. Fig. 14(b) shows that MS Ant 2 has the very similar
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Fig. 13. AR at different incident angles # in (a) xz-plane and (b) yz-plane.

performances, but orthogonal polarization to that of MS Ant 1
due to the mirror image of the MS used. This result indicates that
polarization of the MS antenna is determined by the diagonal
microstrips on the unit cells.

For the slot antenna alone, the measured gain at 2.45 GHz is
about 3.4 dB. When the LH-MS is used, Fig. 14(c) shows that
MS Ant 3 has a LHCP gain of 7.7 dB and a very low RHCP gain
of —11 dB at 2.45 GHz. Again, the LH-MS acts as a polarizer to
convert the LP signal from the slot antenna into a LHCP signal
and, at the same time, enhances the gain by 4.3 dB. When the
MS is replaced by a RH-MS, the performance of MS Ant 4
remains similar but with polarization changed to RHCP.

D. Radiation Pattern

The simulated and measured radiation patterns of the source
antennas, MS Ants 1, 2, 3 and 4 at 2.45 GHz are shown in
Figs. 15 and 16. It can be seen good agreements between the
simulated and measured results. Moreover, the radiation pat-
terns for MS Ants 1 and 2 (as shown in Fig. 15) are very similar
for the reason previously. This also occurs to MS Ants 3 and 4
(as shown in Fig. 16). Fig. 15 shows that, with using the MSs,
the radiation patterns of MS Ants 1 and 2 become more direc-
tional toward the z- direction when compared with that of the
patch antenna alone. Note that the MS is placed in the z-direc-
tion of the source antenna and so the power is more concentrated
in the direction toward the MS. Here the MS receives the LP
signal from the source antenna and re-radiates the signal in CP
to the other side in the opposite direction. The increase in di-
rectivity can be seen in the half-power beamwidth (HPBW) and
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Fig. 14. Simulated and measured realized gains of source antennas and (a) MS
Ant 1, (b) MS Ant 3, (c) MS Ant 3 and, (d) MS Ant 4.

front-to-back ratio (FBR) of the radiation pattern. For the patch
antenna alone, the measured HPBW in the xz- and yz-planes
are both about 74°, as can be seen in Fig. 15. After adding the
LH-MS, the HPBW is reduced to about 50° in both the xz- and
yz-planes. The measured FBR of the patch antenna is also in-
creased from 16 to 26 dB by using the MS.

For the slot antenna, the increases in directivity using the MSs
are particularly obvious, as can be seen in Fig. 16. When no MS
is used, the slot antenna has a bi-directional radiation pattern
pointing at the positive and negative z-directions, with the mea-
sured HPBWs of about 84° and 62° in the xz- and yz-planes,
respectively, and the measured FBR of about 0 dB. When the
MSs are used, the HPBWs are reduced to about 54° in both the
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Fig. 16. Radiation patterns of slot antenna only, with LH-MS at 2.45 GHz in
(a) xz-plane and (b) yz-plane, and with RH-MS at 2.45 GHz in (¢) xz-plane and
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xz- and yz-planes, and the FBR increased to about 11 dB, as
shown in Fig. 16.
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VI. CONCLUSION

A MS used for LP-to-CP conversion has been presented in
this paper. Two simple antennas, a slot antenna and a patch an-
tenna, are used as source antenna to generate LP signals for con-
version. Results have showed that the MS can effectively con-
vert the LP signals from the source antennas into the CP signals,
with substantial enhancements in the RLBW, ARBW and real-
ized gain. By using the mirror image of the unit cells on the
MS, an orthogonal CP signal is obtained. Thus the MS provides
a convenient way to generate CP signals at microwave frequen-
cies.
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