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ABSTRACT A metaloop antenna (1FD-MetalLPA), made of C-type metaatoms and having a single feed
point, F1’, is created to radiate a left-hand circularly polarized (LHCP) axial beam at a frequency of
Jia—1rp = 2.55 GHz and a right-hand circularly polarized (RHCP) axial beam at a frequency of fRu—1rp =
3.45 GHz. It is revealed that the maximum gains at fi y—1rp and fRy—1rp are unbalanced. Subsequently,
a number of C-type metaatoms are replaced by N-type metaatoms. The replacement generates a balanced
gain of 7.1 dBi with an LHCP gain bandwidth of 7.7% and an RHCP gain bandwidth of 8.3%. The radiation
efficiency under the balanced gain is 75% at fi 5—1rp and 29% at fry— 17D - Next, a large metaloop antenna that
radiates a conical beam and has a feed point, F, is concentrically added to the outside of the gain-balanced
1FD-MetalLPA. This antenna system is designated as the MetaLPA-plus. It is found that the MetaLPA-plus
radiates an LHCP tilted beam at f g—rp and an RHCP tilted beam at fryj—1rp. The angle of depression (tilt
angle) using equal amplitude excitation is Oy = 20° at fig—1rp and Opmax = 15° at fruy—1rp- These tilted
CP radiation beams are rotated around the antenna axis with change in the excitation phases at points F1.’
and Fo. During the beam-steering, the gain for an LHCP wave is nearly constant, with a value between 5 dBi
and 6.5 dBi. This also holds true for an RHCP wave.

INDEX TERMS Circularly polarized wave, dual band operation, loop antenna, metaatoms, steerable beam.

I. INTRODUCTION
A loop antenna, abbreviated as LPANT, is a resonant antenna
and radiates a linearly polarized (LP) wave [1], [2]. It is
found that when the loop length is one guided wavelength
(IAg), an LPANT located in the x-y plane forms an axial beam
within the +z hemispheres. It is also found that an LPAnT of
length 2, forms a conical beam within the £z hemispheres.
These axial and conical beams can be changed into radiation
beams within the 4z hemisphere by using a conducting plane
reflector placed under the loop. Conventionally, the distance
between the reflector and the loop is set to be one-quarter
wavelength (Ao/4 with A being the free-space wavelength)
to realize in-phase field superimposition, where the radia-
tion reflected by the reflector is constructively superimposed
within the 4z hemisphere onto the direct radiation from
the LPAnT.

Literature [3] reveals that the LP beam from the 1A, LPAnT
can be changed into a circularly polarized (CP) beam by
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adding perturbation elements to the loop. This technique is
applied to generation of CP beams in [4], [5]. These CP beams
have unidirectional radiation using a conducting reflector,
with distances from the loop to the reflector being A¢/4 [4]
and A¢/8 [5].

With the emergence of metamaterials, new line antennas
based on a composite right- and left-hand transmission line
have been proposed [6]-[10]. These antennas, classified as
metaline antennas, are composed of subwavelength cells
(C-type metaatoms), with each cell radiating an LP wave.
As a result, the metaline antenna itself radiates an LP wave,
where the antenna height above the ground plane is extremely
small: on the order of A/100.

Such a small antenna height is found for the square LPAnT
in [11], where each side-arm is composed of a linear met-
aline. The square LPAnT radiates a CP wave. In addition,
an antenna whose arm is composed of a curved metaline,
designated as the round metaloop antenna, is also found to
have a small antenna height and radiate a CP wave [12].

This paper presents an antenna system, abbreviated as
the MetalLPA-plus, that is an application of the round
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metaloop antenna. The presented MetalLPA-plus has a low-
profile structure (the antenna height is on the order of 1¢/100)
and radiates a CP tilted beam that can be rotated (steered)
around the antenna axis at two design frequencies. The
tilted beam is left-hand circularly polarized (LHCP) at the
low design frequency of fig—irp and right-hand circularly
polarized (RHCP) at the high design frequency of fRH—1FD-
In other words, the MetaLPA-plus is an innovative antenna
with an extremely low-profile structure that has a steerable
dual-band counter CP tilted beam. These key characteristics
are determined through simulations using a commercially
available electromagnetic solver [13].

While polarization alignment is required between an LP
transmitting antenna and the corresponding LP receiving
antenna, it is not required for CP antennas. The direction of
polarization for LP antennas attached to moving bodies (e.g.,
drones, helicopters, airplanes, satellites, and land vehicles)
changes with the movement of the moving body. In contrast,
the MetaLPA-plus presented in this paper is a CP antenna
and does not require polarization alignment; hence, it can
be used on such moving bodies for dual-band communi-
cations, where the gain at fig—irp and frRy—1rp does not
necessarily need to be the same.

In addition, it is emphasized that the MetaLPA-plus can
be used as an anti-jamming/anti-interference antenna in, for
example, satellite-to-satellite communications, satellite-to-
base station communications, vehicle-to-vehicle communi-
cations, and vehicle-to-base station communications. When
an LHCP communication link at fig—irp is disturbed by
jamming signals (an LHCP wave at f g—1rp), the MetalLPA-
plus can immediately provide another communication link
with the opposite polarization (RHCP) at frg—irp without
introducing an additional antenna, because the MetaL.PA-plus
itself is a counter CP dual-band antenna. This feature can thus
provide a countermeasure to signal jamming. In such a case,
it is desired that the gain at f{ g—1Fp is as close as possible to
the gain at frg—1FD, thereby facilitating the design of a com-
munication system that involves power amplifiers. Note that
even if the MetalLPA-plus has an unbalanced gain, it does not
lose its anti-jamming/anti-interference capability. However,
the design of communication systems with unbalanced gain
is somewhat complicated, compared with that for balanced
gain.

Table 3 is presented in the Appendix to provide a better
understanding of the novelty/advantages of the MetalLPA-
plus. It is clear that only the presented MetalLPA-plus has the
features of counter CP and dual-band characteristics, with a
small antenna height on the order of approximately Ao/100.

Il. ANTENNA GEOMETRY AND DESIGN CONCEPTS

A. 3FD-METALPA (STEP ONE)

Fig. 1 shows a metaloop antenna, MetalLPA;, where C-type
metaatoms form a round loop structure. Point Fj is the feed
point and point 7j is the terminal point, which is shorted
through resistive load R (= 50 ohms) to a ground plane (GP).
The parameters for the C-type metaatom are summarized
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FIGURE 1. C-type metaloop antenna. (a) Perspective view. (b) Top view.
(c) C-type metaatom. (d) Connected C-type metaatoms. (e) Side view of
the connected C-type metaatoms. (f) Feed point F; excited by a co-axial
cable. 7; is the terminal point shorted through resistive load Rg =

50 ohms to the ground plane. The gap/distance between the feed and
terminal points is 10 mm. The first and last patches have a length of pc/2.
A conducting pin is connected to every other strip (patch), while the
remaining strips (patches) have no pin connected.

in Table 1, where &, and B are the relative permittivity and
thickness of the grounded dielectric substrate, respectively;
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TABLE 1. Parameters for the C-type metaatom.

Symbol Value Symbol Value
B 1.6 mm & 2.6

P 10.0 mm w 4.4 mm
Pe 4.0 mm 2rvia 1.0 mm
g 1.0 mm Ly 2.0 nH
2Cz 1.4 pF ap 2.0 mm
aw 2.45 mm ip 1.4 mm
iw 1.65 mm

p = 2p.+ 2g is called the periodicity, with p. being the length
of a subwavelength strip/patch (Sub-STRP) and g being the
gap between neighboring Sub-STRPs; ryja is the radius of
a conducting pin (via) connecting the center point of the
metaatom through a chip inductor, Ly, to the ground plane.
Note that neighboring Sub-STRPs are connected through
chip capacitors, 2C7.

The C-type metaatom can be represented by a four-port
transmission line circuit expressed by series impedance Z
and parallel admittance Y [6]. Z consists of the distributed
inductance across the metaatom, the capacitance generated by
the two gaps existing within the metaatom, and the two chip
capacitors inserted into the gaps. Y consists of the distributed
capacitance across the metaatom, the inductance generated
by the vertical conducting pin, and the chip inductor inserted
between the end of the conducting pin and the ground plane.
The propagation phase constant of the current along the
metaatom, B(= 2m/Ag with A, being the guided wavelength),
is derived from ~/ZY, which shows g = 0 at frequency fr
(designated as the transition frequency), 8 < 0 at frequencies
below fT, and B > 0 at frequencies above fr. The dispersion
for the C-type metaatom is designed to have fr = 3 GHz,
as shown in Fig. 2, where ko (= 2m/A¢) is the wavenumber
in free space. Note that the surface current on the C-type
metaatom flows in the longitudinal direction (from Mp to M)
and hence the radiation from the C-type metaatoms is linearly
polarized.

Fig. 3 shows an antenna system composed of three
metaloop antennas, the MetalLPA;, MetaLPAy, and
Metal.PAg, whose circumferences at the low design fre-
quency of 2.55 GHz are 0.54A,, 0.89A; and 1.24A, respec-
tively. Points F;j (i = L, M, S) are the feed points and the
diameter of the grounded substrate is 0.721¢. The antenna
system is designated as the 3FD-MetalLPA.

Each loop for the 3FD-MetalLPA at fi y—3rp has a traveling
wave current with a negative propagation phase constant
(B < 0), resulting in generation of an LHCP radiation field
of E1; in contrast, each loop for the 3FD-MetalLPA at fR—3rp
has a traveling wave current with a positive propagation
phase constant (8 > 0), resulting in generation of an RHCP
radiation field of ER. Fig. 4 shows the frequency response of
the gain in the z-direction for the 3FD-MetalLPA, where the
three metaloop antennas are excited in-phase. For compari-
son, the frequency response of the gain for a single (isolated)
MetalLPAy is also shown in Fig. 4. Note that Gy denotes the
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FIGURE 2. Dispersion of the C-type metaatom. (a) 8/kq vs frequency.
(b) Guided wavelength ).g vs frequency.

(b)

FIGURE 3. 3FD-MetaLPA composed of the MetalLPA;, MetaLPA,, and
MetaLPAg. (a) Top view. (b) Expanded view of the upper region.

gain for a left-hand circularly polarized (LHCP) wave and
Gru denotes the gain for a right-hand circularly polarized
(RHCP) wave. It is found that the maximum value of Grg
for the 3FD-MetalLPA is at fi y—3pp (= 2.70 GHz), which is
below transition frequency fr, and the maximum GRry is at
Jfru—3rD (= 3.35 GHz), which is above ft. It is found that the
maximum gain for the 3FD-MetalLPA is only approximately
2 dB higher than that for the single (isolated) MetaLPAy.
It follows that using an array structure with three feed
points has a small effect on the overall gain of the antenna
system.

B. 1FD-METALPA (STEP TWO)

We consider an antenna system that realizes a higher gain than
that for the 3FD-MetalLPA. For this, three metaloop antennas,
the MetalLPA| , MetalLPAy, and MetalLPAg, are connected as
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FIGURE 4. Frequency response of the gain for the 3FD-MetaLPA, together
with that for reference MetalPAy,.

FIGURE 5. 1FD-MetalPA with feed point F, " and terminal point 7g’, which
is shorted to the ground plane through a resistive load.

shown in Fig. 5, where point 1.’ (close to the original F1 ) is
the feed point and point 75’ (close to the original Ts) is the
terminal point, which is shorted to the ground plane through
resistive load Rg (= 50 ohms). This antenna is designated as
the 1IFD-MetalLPA.

Fig. 6 shows the frequency response of the gain for the
1FD-MetalLPA, together with that for the MetaLPAy; as a
reference. It is revealed that the maximum value for Grg
is at 2.55 GHz (= fiu—1rp), and is 6.0 dB higher than that
for the MetalLPAys. In addition, the maximum value for Gryg
is at 3.45 GHz (= fru—1FD), and is 5.5 dB higher than that
for the MetalLPAys. Thus, a higher gain is obtained with the
1FD-MetalLPA than with the MetalLPAy;. The radiation pat-
terns where Gpy and Gry are at their maximum value are
shown in Fig. 7.

C. GAIN BALANCING FOR 1FD-METALPA (STEP THREE)
Subsection B shows that the maximum value is increased for
Grg and Gry, however, the left-hand and right-hand maxi-
mum gains are not balanced. In this section, these different
maximum gains are adjusted to be balanced (nearly equal).
For this, gain Gy is increased using N-type metaatoms [10],
based on the fact that the N -type metaatom radiates an LHCP
wave.

The N-type metaatom is illustrated in Fig. 8, which is a
modified version of the C-type metaatom shown in Fig. 1.
For the N-type metaatom, the vertical conducting pin of the
C-type metaatom (extending from the center strip through a
chip inductor to the ground plane) is replaced by a stub of

VOLUME 9, 2021

GLH GRII
MetalPAy = - MetalPAy ~ ——
1FD-MetaLPA —eo- IFD-MetaLPA —e—
ﬁH—IFD fRH-lFD
% ¥
~ | 1
5 I 1
E . 4
N Sj [ ]
(e L [ B
I i . 1
S : 1
N
= or R -
‘= L ° ¥ 4
© [ f// \\
[ 9/ \@
R A I
30 2.5 3.0 3.5 4.0

Frequency (GHz)

FIGURE 6. Frequency response of the gain for the 1FD-MetaLPA, together
with that for the MetalLPAy, reference.

(b)

FIGURE 7. Radiation pattern for the 1FD-MetaLPA. (a) At fiy_1rp =
2.55 GHz. (b) At fRH—IFD = 3.45 GHz.

length /st and width wgTg. The stub extends to the right of
the strip (patch), relative to the direction of the current flow
from M to M, and is directly short-circuited to the ground
plane without using a chip inductor. Thus, the stub generates
part of parallel admittance Y in the four-port transmission line
circuit representation. The current on the stub has a phase
delay of 90 degrees relative to the phase of the surface current
on the center strip. This generates LHCP radiation.

The dispersion for the N-type metaatom, as shown
in Fig. 9, is designed to be as close as possible to the dis-
persion for the C-type metaatom shown in Fig. 2. The design
parameters are summarized in Table 2.

Fig. 10 shows the change in the maximum gain values, G1 g
atfiu—1rp (= 2.55 GHz) and Gry at fry—1rp (= 3.45 GHz),
as a function of the number of N-type metaatoms, Nagom-
It is found that there is an Ny for which the maximum
gain values are balanced on the 1FD-MetalLPA: Nyom =
15 = Ngru=cru- The frequency response of the gain with

TABLE 2. Parameters for the N-type metaatom.

Symbol Value Symbol Value
B 1.6 mm & 2.6
p 10.0 mm w 4.4 mm
De 4.0 mm 2rvia 1.0 mm
g 10 mm lSTB 72 mm
2Cz 1.4 pF WSTB 1.5 mm
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T z W Chip capacitor 2Cz
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FIGURE 8. N-type metaatoms. (a) Photo of perspective view.

A conducting pin/via is connected to every other strip/patch, while the
remaining strips/patches have no pin/via connected. (b) Parameters.
(c) Photo of cross section at line J'K". (d) Cross section at line JK.
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FIGURE 9. Dispersion of the N-type metaatom.

NgrLu=GrH is shown in Fig. 11(a). It is found that the
3-dB gain bandwidth is relatively wide: 7.7% for gain GLy
and 8.3% for gain Grp. The radiation efficiency is 75% at
fiu—1rp and 29% at frRH—1FD, as shown in Fig. 11(b).
Comments on these radiation efficiencies are made here.
The input power reaches the end of the antenna arm and is
absorbed by resistive load Rg (= 50 ohms). The absorbed
power is related to attenuation constant o of the propaga-
tion constant, which depends on the operating frequency.
Our preliminary calculation shows that o has the following
characteristic: —« at fRy—1rp < —« at fig—1rp- This means
that the attenuation per 1 m, e~%, at fry—pp is smaller than
that at f{ y—1rp, and hence the absorbed power at fRy—1rp is
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FIGURE 11. Frequency response. (a) Gain for the 1FD-MetaLPA with
Natom = NgLH=GRH- The shaded areas show 3-dB gain bandwidth
regions. (b) Radiation efficiency.

larger than that at f g— 1rp. Thus, the input power transformed
into radiation at fRy—1pp is smaller than that at f y—pp. It fol-
lows that the radiation efficiency at fRy—1rp is smaller than
that at f{ y—1rp. Note that, generally, the radiation efficiency
is improved by increasing the thickness of the substrate.

Fig. 12 shows the radiation pattern when a balanced gain
of 7.1 dBi is obtained at frequencies fig—1rp and fRH—1FD-
The principal radiation field components around frequencies
fin—1rp and fry—1pp are Ep, and ER, respectively; this is
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FIGURE 12. 2D and 3D radiation patterns for the gainbalanced
1FD-MetalLPA. (a) At fLH-lFD = 2.55 GHz. (b) At fRH-IFD = 3.45 GHz.
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FIGURE 13. Phase as a function of azimuth angle ¢ with depression
angle ¢ as a parameter. (a) ZE; at fyy_1fp = 2.55 GHz. (b) ZER at
fru—1Fp = 3-45 GHz.
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FIGURE 14. MetalPAg, where point Fg is the feed point and point Ty is
the terminal point, which is short-circuited to the ground plane through a
resistive load of 50 ohms.

consistent with the gain behavior. Fig. 13(a) depicts the phase
progression for Ey, at fiy—1rp, which is progressive, and
Fig. 13(b) depicts the phase progression for Er at fRH—1FD,
which is regressive, both having a phase change of 360° in
the azimuth direction.
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FIGURE 15. 2D and 3D radiation patterns for the MetalLPA. (a) At
fLH—lFD = 2.55 GHz. (b) At fRH—lFD = 3.45 GHz.
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FIGURE 16. Phase of the radiation field from the MetalLPAg_(a) ZE, at
fiu—1rp- (b) ZEg at fpy_qpp-

D. METALPAp OF A CIRCUMFERENCE OF TWO GUIDED
WAVELENGTHS (STEP FOUR)

Fig. 14 shows a metaloop antenna composed of C-type
metaatoms, where Fo denotes the feed point and Tp denotes
the terminal point, which is short-circuited to the ground
plane through resistive load Rg (= 50 ohms). The loop cir-
cumference is two guided wavelengths (2A,) at fiH_1FD =
2.55 GHz and fry—1rp = 3.45 GHz. The diameter of the
grounded dielectric substrate is the same as that for the
IFD-MetalLPA: 0.72A; at fig—1rp. Other parameters are the
same as those shown in Table 1. This metaloop antenna is
denoted as the MetalLPAg.

Representative radiation patterns are shown in Fig. 15. It is
found that a conical radiation pattern is formed with principal
field component Ep, below transition frequency fr and princi-
pal field component Er above fr. The phase progressions for
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FIGURE 17. Frequency response. (a) Gain in the direction of maximum
radiation for the MetalLPAg. For comparison, the shaded areas show the
3-dB gain bandwidth regions for the 1FD-MeraLPA in Fig. 11(a).

(b) Radiation efficiency.

Er atfiy—1rp (=2.55 GHz) and ER at fry—1rp (= 3.45 GHz)
as a function of azimuth angle ¢ are shown in Fig. 16, where
a phase change of 720° is obtained.

Fig. 17(a) shows the frequency response around fre-
quencies fiH—1rp and fRu—1rp With respect to the gain in

finarp = 2.55 GHz

3D Elevation (0 varied, ¢ varied)

Azimuth (0= 30°, ¢ varicd)

FIGURE 18. MetaLPA-plus with two feed points, F,* and Fg.

the direction of maximum radiation. For comparison, the
3-dB gain bandwidth regions for the gain-balanced 1FD-
MetalLPA, i.e., the shaded regions in Fig. 11(a), are also
shown. It is found that the difference between the gain at
fiu—1rp and the gain at fry—irp is small. The radiation
efficiency is 75% at fiy—1rp and 32% at fRy—1rD, as shown
in Fig. 17(b). Note that the VSWR across the shaded regions
is small, with a value of less than two, as is observed for the

gain-balanced 1FD-MetalLPA (not shown).

E. COMPOUND OF THE GAIN-BALANCED 1FD-METALPA

AND METALPA( (STEP FIVE)

To form a tilted beam, a compound of the gain-balanced 1FD-
MetalLPA and MetalLPAg, designated as the MetalLPA- plus,
is investigated. The MetalLPA-plus, shown in Fig. 18, has two
feed points, F1.” and Fo. These feed points are, respectively,
excited by voltages V1 and Vg with equal amplitude.

VL =A/Ldy,
Vo =A/dg

ey
@

where A and /Z®; (i = L, O) are the amplitude and
phase, respectively, and A® is the phase that is relative to

LD AD = LD — LDy

frurp = 3.45 GHz
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FIGURE 19. Movement of the tilted beam for the MetaLPA-plus. (a) At fiy_1fp- (b) At fry_1rD-
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FIGURE 20. Maximum gains G|y at fiy_jpp and Ggy at fay_1pp @s a
function of relative phase A ®. (a) MetaLPA-plus, composed of the
gain-balanced 1FD-MetalPA and MetalPA. (b) Antenna composed of
the gain-unbalanced 1FD-MetalLPA in Fig. 5 and MetalLPAg.

The radiation field from the compound MetalLPA-plus
is the sum of the axial beam from the gain-balanced
1FD-MetalLPA and the conical beam from the MetalLPAg.
Overlapping of the two beams forms a tilted beam, whose
direction is denoted as (6, ¢) = (fmax» Pmax)- The polarization
of the tilted beam is LHCP at frequency fiy—1rp due to a
negative 8 and RHCP at fry—1rp due to a positive 8.

Fig. 19 shows the simulated movement of the tilted beam
when relative phase A® is changed. It is found that the
tilted beam rotates around the z-axis in a clockwise direction
(Fig. 19(a)) and a counterclockwise direction (Fig. 19(b)).
The azimuth angle of the beam direction for A® = 0°
at fiy—1rp, denoted as ¢ .H—_CPmax—0, 1s determined by the
intersection point of the lines in Figs. 13(a) and 16(a):
OLH—CPmax—0 ~ 120°. Similarly, the azimuth angle of
the beam direction for A® = 0° at frRg—1rp, denoted as
@RH—CPmax—0, 1S determined by the intersection point of the
lines in Figs. 13(b) and 16(b): drH—CPmax—0 ~ 300°.

Note that beam direction coordinate Oy,x at ¢r.H—CPmax—0
is found from the summation of Ep (0, ¢ = @ru—crPmax—0)
for the axial beam and E (0, ¢ = @LH—CPmax—0) for the
conical beam: Opax = 20°. In addition, Oyax at PRH—CPmax—0
is found from the summation of ER(0, ¥ = PRH—_CPmax—0)
for the axial beam and Er(6, ¢ = @PRH—CPmax—0) for the
conical beam: 6;,,x = 15°. These 6 values remain almost
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FIGURE 21. Fabricated MetaLPA-plus.
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FIGURE 22. Frequency response of the VSWR for the MetaLPA-plus.
(a) Excitation at F,’ for the inner gain-balanced 1FD-MetaLPA.
(b) Excitation at Fg for the outer MetalLPAg.

unchanged with variation in relative phase A®. Note that
the axial ratio bandwidth for A® = 0° is approximately 8%
around both fi y—1rp and fRH—1FD.

Fig. 20(a) shows the maximum gain for the MetalLPA-plus
as a function of A®. The difference between Gy at fLy—1rp
and Gry at fRy—1rp is small due to the almost unchanging
radiation pattern in the azimuth and elevation directions,
as shown in Fig. 19. For comparison, Fig. 20(b) shows
the maximum gain for an antenna system composed of the
1FD-MetalLPA and MetalLPAgp, where G1 g and Gry for the
1FD-MetalLPA are unbalanced, as shown in Fig. 6.
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TABLE 3. Comparison of the MetaLPA-plus with other published CP beam-steering antennas.

. L Number of Impedance AR Continuous
Height Band Polarization ¢ 4 boints  bandwidth  bandwidth  steering ability
MetaLPA-plus ~ 0.014%o Dual LHCP and RHCP 2 >10% ~8% Yes
[14] 0.197X0 Single RHCP 4 16.6% 10.7% No
[15] 0.026)0 Single LHCP 4 >10% 19% No
[16] 0.068%0 Single RHCP 2 5.1% 1.4% Yes
[17] 0.017X0 Single RHCP 4 1.4% Not clear Yes
[18] 0.013%0 Single LHCP 2 Not clear Not clear Yes
[19] 0.008%0 Single LHCP or RHCP 4 ~1% ~1% Yes
[20] 0.46)0 Single RHCP 1 67% 47% No
,@.wn @HFD 28% at fri—1rp- On the other hand, the radiation efficiency of
O =" " I the outer MetalLPAg is 63% at fi y—1rp and 22% at fRH—1FD.-
[ Simulated —— 7
-10 .
| Measured SORO - S8 . 1 IV. CONCLUSION
o o0k Network ] A counter circularly polarized (CP) dual-band MetalLPA-
2 - Analyzer . plus with a tilted beam has been designed and the radia-
oL 30 . tion characteristics have been revealed. Investigation starts
r . with a CP antenna system with three feed points, the
-40r 7 3FD- MetalLPA, which is composed of three metaloop anten-
r 7 nas, the MetalLPA; , MetalLPAy;, and MetalLPAg. It is found
S0 30 20 that the 3FD-MetaLPA with in-phase excitation of the three
Frequency (GHz) feed points has a maximum gain which is slightly larger

FIGURE 23. Mutual coupling between feed points ;" and Fg.

IIl. RESULTS AND DISCUSSION

To confirm the beam rotation discussed in Subsection E of
Section II, a MetaLPA-plus is fabricated, as shown in Fig. 21,
using the parameters in Tables 1 and 2, where the inner gain-
balanced 1FD-MetalLPA has a radius of 41.8 mm and the
outer MetalLPAg has a radius of 54.1 mm.

The measured 2D radiation pattern results for the
MetalLPA-plus are shown in Fig. 19 together with the sim-
ulated results. It is found that the measured results, observed
at frequencies very close to fiy—1rp and frRy—1rp, confirm
the rotation of the simulated radiation beam with change
in relative phase A®. Fig. 20(a) shows the measured and
simulated maximum gains as a function of A®, which are
found to be almost the same.

Fig. 22 shows the measured VSWR. It is found that the
VSWR is desirably small across the 3-dB gain bandwidth
defined in Fig. 11. Fig. 23 depicts the mutual coupling
between feed points F1.’ and Fo (S21). The mutual coupling
is very small: less than —25 dB. The radiation efficiency of
the inner gain-balanced 1FD-MetalLPA is 72% at f{ y—1rp and
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than that for the single MetalLPAy; whose circumference is
approximately 0.9 guided wavelength. Based on the results
for the 3FD-MetalLPA, a 1FD-MetaLPA with a single feed
point is formed and investigated, where the three metaloops
for the 3FD-MetaLLPA are connected such that they share a
single feed point. It is revealed that the 1FD-MetalLPA has a
larger gain than the 3FD-Metal.PA. It is also revealed that the
maximum gain for a left-hand circularly polarized (LHCP)
wave at low frequency fig—irp and the maximum gain
for a right-hand circularly polarized (RHCP) wave at high
frequency frRu—1rp are not balanced. Subsequently, these
unbalanced gains are balanced using N-type metaatoms. The
1FD-MetalLPA with balanced gain radiates an axial beam.
The gain bandwidth for a left-hand CP wave is 7.7% with
a maximum gain value of 7.1 dBi. The gain bandwidth for
a right-hand CP wave is 8.3% with a maximum gain value
of 7.1 dBi. The VSWR across these gain bandwidths is
smaller than two, as desired.

Lastly, a large metaloop antenna that radiates a conical
beam and has a feed point, Fo, is concentrically added to
the outside of the gain-balanced 1FD-MetalLPA. This com-
pound antenna is designated as the MetaLPA-plus. When
the outer MetaLPAg and inner gain-balanced 1FD-MetalLPA
are excited with equal amplitude, the MetaLPA-plus forms
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a tilted CP beam. It is found that the tilted CP beam can
be rotated around the antenna axis (z-axis) by changing the
excitation phase for the MetaLPA-plus.

APPENDIX
Table 3 shows comparison of the MetaLPA-plus with other
published CP beam-steering antennas.
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