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Dual-band Counter Circulary Polarized Radiation from a
Single-arm Metamaterial-based Spiral Antenna

H. Nakano, Life Fellow, IEEE, J. Miyake, T. Sakurada, and J. Yamauchi, Fellow, IEEE

Abstract— A single-arm spiral antenna whose arm is made of a
metamaterial (MTM) transmission line having right- and
left-handed properties is discussed. This antenna, abbreviated as
the 1-MTM-SPA, has an extremely low-profile structure (0.016
wavelength at a balanced frequency of 3 GHz) and does not need a
balun circuit. It is predicted that the 1-MTM-SPA will operate as
a circularly polarized (CP) antenna, where right-handed CP
radiation is obtained within a particular frequency band and
left-handed CP radiation is obtained within a different frequency
band. Numerical analysis results obtained using two different
techniques confirm the prediction for this dual-band counter-CP
radiation. The 1-MTM SPA used for the confirmation shows an
overlapping gain and axial ratio bandwidth of approximately 7%.
The VSWR relative to the Bloch impedance value is less than two
within the overlapping bandwidth, as desired. Experimental data
are also presented.

Index Terms—circularly polarized antenna, metamaterial
transmission line, single-arm spiral antenna

1. INTRODUCTION

Atwo-arm rectangular spiral antenna (2-RecSPA) is the
counterpart of a two-arm round spiral antenna [1]. These
spirals are considered wideband antennas [2]. Usually, the
numerous straight filaments that constitute the 2-RecSPA are
backed by a conducting plane (ground plane) to obtain a
unidirectional beam. The 2-RecSPA is excited by a coaxial feed
line with a balun circuit [3][4]. If the antenna size (peripheral
length) of the 2-RecSPA [defined by four times the last arm
filament length] is larger than one guided wavelength (12,) of
the current on the spiral arms, the radiation in the forward
direction (let us assume this to be the positive z-direction)
normal to the spiral plane (in the x-y plane) is circularly
polarized (CP). Note that the rotational sense of this CP
radiation is uniquely determined by the winding direction of the
spiral arms; if the winding direction from the feed points
(usually located at the center of the spiral) is in the
counterclockwise direction, the CP radiation in the forward
direction is right-handed (RH), and if the winding direction is
in the clockwise direction, the CP radiation in the forward
direction is left-handed (LH). It follows that the 2-RecSPA
cannot radiate both LH- and RH-CP waves (counter-CP waves)
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in the forward direction, unlike a patch antenna, which has two
ports fed with a 90° phase difference to obtain counter-CP
radiation [5]. Note that the counter-CP radiation from the patch
is obtained at the same frequency, i.e., the patch operates as an
element for single-band counter-CP radiation.

Recently, we investigated a modified 2-RecSPA [6] for
obtaining dual-band counter-CP radiation, where right-handed
CP radiation is obtained within a particular frequency band and
left-handed CP radiation is obtained within a different
frequency band. The arms of the antenna studied have a
metamaterial (MTM) property, i.e., a left-handed property,
together with a right-handed property [7]-[9]. It was found that
the modified 2-RecSPA (referred to as the 2-RecSPA-Balance,
or 2-MTM-SPA) can radiate dual-band counter-CP radiation.
However, the 2-RecSPA-Balance has the limitation that it
requires a balun circuit [3][4] for balanced mode excitation,
resulting in increased complexity of antenna assembly and high
fabrication cost.

This paper presents a novel spiral structure that does not use
a balun circuit, thus overcoming the limitation of the
2-RecSPA-Balance. We investigate the operation of this spiral
structure for dual-band counter-CP radiation. The investigation
is performed using antenna parameters that would be typical of
a realistic design. Note that the novel spiral is composed of a
single strip arm having a metamaterial (MTM) property
(double negative property [7]-[9]), and is denoted as the
1-MTM-SPA. Tt should be emphasized that the arm of the
1-MTM-SPA is dispersive, and hence this paper examines
moderately wideband antenna characteristics, not the extremely
wideband antenna characteristics that are observed in
conventional self-complementary spiral antennas [10][11].

Seven sections constitute this paper, where Section II
describes the mechanism of LH CP radiation and RH CP
radiation using a conventional spiral arm (continuous arm).
Section III presents a novel spiral arm and its dispersion
diagram, where the spiral arm is subdivided into numerous strip
conductors. Based on the dispersion diagram, Section IV
predicts that the 1-MTM-SPA will operate as an antenna for
dual-band counter-CP radiation. In Section V, to confirm this
prediction, numerical analysis results obtained by two different
electromagnetic simulators [12][13] are presented. For further
information, the antenna characteristics of the 1-MTM-SPA are
compared with those of the modified 2-RecSPA [6]. Section VI
presents an antenna fabrication example for the dual-band
counter-CP radiation. Findings are summarized in Section VII.
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II. CIRCULARLY POLARIZED RADIATION

Fig. 1 shows a single-arm spiral antenna. The continuous
straight strip filaments constituting the spiral arm have lengths
L, L,, ..., Ly starting from the center. We assume that the
current along the arm smoothly travels in only one direction,
either from point T to point F (the coordinate origin) or from
point F to point T, and that there is no reflected current.

First, we consider a situation where the current flows from
point T to point F at frequency f; . This situation is designated
as the TF case. We locate points A and B on the arm, both being
on a straight line passing through the coordinate origin F and
being quasi-point-symmetric with respect to point F [See Fig.
2(a)]. If the path length along the arm from point A to point B is
Ao/2 (with A, being the guided wavelength), then, the current
elements at points A and B, illustrated by the arrows, are
spatially in the same direction (i.e., the current elements are in
phase), because of a 180° phase shift from point A to point B.
As a result, the fields generated from these two current
elements are added in the forward direction. The in-phase
current elements travel along the arm near a square loop region
of 1A, on the spiral plane, shown by a dotted line in Fig. 2(b),
and hence the polarization of the resultant field is LH in the +z
space.

Three facts are noted here: 1) current elements away from the
1%, square loop region make less of a contribution to the
resultant field, because they are not in-phase; 2) the in-phase
current elements are not located symmetrically with respect to
the coordinate origin F due to the asymmetry of the spiral
structure, and hence, the radiation is not exactly symmetric with
respect to the z-axis; 3) the current experiences a regressive
phase shift as it travels along the arm from point T to point F;
conversely, the current experiences a progressive phase shift
from point F to point T, i.e., the phase constant of the current
along the arm, f3, is negative with respect to the coordinate
along the arm starting at point F and ending at point T (let us
call this the arm coordinate).

Next, we consider a case where the current travels smoothly
from point F to point T, opposite to the TF case. This is
designated as the FT case. Fig. 3(a) shows a 1, loop region at
frequency fry ( # fLy), where points P and Q are
quasi-point-symmetric with respect to the coordinate origin F.
Like the TF case, the current element arrows at P and Q are
spatially in-phase. These in-phase current elements rotate,
producing CP radiation, whose rotational sense is RH in the
forward direction. Note that the phase shift with respect to the
arm coordinate (starting at point F and ending at point T along
the arm, as already defined) is regressive, i.e., the phase
constant f3 is positive with respect to the arm coordinate.

The aforementioned TF case (Fig. 2) is realized by locating
the feed point at point T, while the FT case (Fig. 3) is realized
by locating the feed point at point F. It follows that we need a
switching circuit to select the feed point for counter-CP
radiation; it is not possible for a spiral having a single fixed feed
point to realize counter-CP radiation. In order for the spiral
with a single fixed feed point to realize dual-band counter-CP
radiation, the phase constant 3 with respect to the arm

coordinate must have a negative value within a particular
frequency band and a positive value within a different
frequency band. Based on this requirement for the phase
constant, we introduce a novel spiral arm in Section III.

III. MTM SPIRAL ARM

As shown in Fig. 4, the antenna arm shown in Fig. 1 is
modified, fixing the feed point at the innermost point F. Each
filament is composed of numerous strip conductors and is
printed on a dielectric substrate (of thickness B and relative
permittivity €,) backed by a conducting ground plane having an
area of s, x s,. The cell, defined by length p (= 2p, + 2Ag) and
width w, has a conducting pin (radius p) extending toward the
ground plane. The p is designed as the cell periodicity.

Fig. 1. Spiral antenna composed of a single continuous
arm. The number of straight filaments is M, and the
filament lengths are L,, L,, ...Ly-1, Ly. The coordinate
origin is denoted as F.
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Fig. 2. TF case. (a) In-phase current elements. (b) LH CP radiation in
the forward direction (z-direction). The length of the dotted ring line is
one guided wavelength at frequency fiy. The coordinate origin is
denoted as F.
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Fig.3. FT case. (a) In-phase current elements. (b) RH CP radiation in
the forward direction. The length of the dotted ring line is one
guided wavelength at frequency fry. The coordinate origin is
denoted as F.
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A shunt inductance Ly is inserted between the end of the pin
and the ground plane and a capacitance Cy is inserted between
neighboring arm conductors. Thus, the spiral arm has a
metamaterial property (a left-handed property [6]-[9]) together
with its inherent right-handed property. We abbreviate this
single-arm  metamaterial-based spiral antenna as the
1-MTM-SPA. Note that the outermost point T is terminated
with a Bloch impedance [14].

Fig. 5 shows the dispersion diagram for a unit cell, where 3
(= 2m/),) is the phase constant of the current along the spiral
arm, and ko (= 271/Ay, where A is the free-space wavelength) is
the phase constant in free space. The lower and upper bound
frequencies for a fast wave are marked by fy and fy,
respectively, where B/ky, = —1 at f and B/k, = +1 at fy. The
parameters used for this dispersion diagram are shown in Table
I, leading to a balanced frequency of 3 GHz [7], which is
denoted as fyapance. For a later comparison of the 1-MTM-SPA
with the 2-MTM-SPA, the parameters in Table I are chosen to
be the same as those used in [6]. Note that negative and positive
phase constants for dual-band counter-CP radiation are
prepared below and above fy,nce, respectively. Also note that
the cell periodicity p in Table I is chosen to be less than A,/4
across a fast-wave frequency band of fy to fy, taking into
account the homogeneity condition of a composite right- and
left-handed transmission line (CRLH TL) [8].

IV. N AND H FREQUENCIES AND PREDICTION

A square loop of 12, [see the dotted lines in Fig. 2(b) and Fig.

3(b)] acts as an active region for CP radiation. Therefore, the
I-MTM-SPA must have an area sufficiently large to support
this active region. For this, it is required that the last filament
length Ly be larger than A,/4 so that the antenna size (defined
by peripheral length C,, = 4Ly is larger than 12,

Fig. 6 shows the antenna size normalized to the guided
wavelength, C,,/A,, as a function of frequency, with the last
filament length Ly, as a parameter. A frequency that is below
the balanced frequency and satisfies C,, /A = 1 is designated as
the N frequency (fy), and a frequency that is above the balanced
frequency and satisfies C,/A, = 1 is designated as the H
frequency (fy). It is found that increasing the antenna size C,,,
leads to a narrowing of the separation between fy and fy.

Based on the physical meanings of fi, fy, fy, and fy, the
following four predictions are made: 1) the I-MTM-SPA will
exhibit maximum gain for LH CP radiation at a frequency
between the lower bound frequency f; and the N frequency fy;
2) the 1-MTM-SPA will exhibit maximum gain for RH CP
radiation at a frequency between the H frequency fy and the
upper bound frequency fy;; 3) as the frequency is increased from
the N frequency toward the balanced frequency (fyuance = 3
GHz), the gain for the LH CP radiation decreases, due to the
disappearance of the active region for CP radiation, resulting
from an increase in the guided wavelength; 4) conversely, as
the frequency is decreased from the H frequency toward the
balanced frequency fuaance, the gain for the RH CP radiation
decreases, again due to the disappearance of the active region
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Fig. 4. Metamaterial-based single-arm spiral antenna (1-MTM-SPA).
(a) Top view. (b) Side view. (c) Unit cell with inductance L and
capacitance Cy. loading.
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Fig. 5. Dispersion diagram for a unit cell. The notations f,
and fy, are the lower and upper bound frequencies for a fast
wave, respectively.
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V. CONFIRMATION AND DISCUSSION

A. Confirmation of Predictions

For confirming the predictions made in Section IV, a
1-MTM-SPA is analyzed, where a small number of filaments
(M =12) are used for the spiral arm to reduce the computation
time. The filament lengths, Ly, =Ly, =nL; (n=1,2, ... ), are
summarized in Table II, and result in an fy = 2.7 GHz and f; =
3.4 GHz (note: fi= 2.4 GHz and f, = 4.8 GHz from Fig. 5).

Fig. 7 shows the gain in the z-direction at frequencies below
foalance = 3 GHz, which is obtained using the finite element
method (FEM by Ansoft HFSS [12]). Note that G and Gy
denote the gains for LH CP radiation and RH CP radiation,
respectively [15]. These gains do not include the effect of input
impedance mismatch. The actual gain is obtained by reducing
the amount of input impedance mismatch from the G; and Gg.

For example, the amount of mismatch for VSWR =21is 0.51 dB.

As predicted, the radiation at frequencies between the lower
bound frequency f; and the balanced frequency fpaance 18
dominated by LH CP radiation (Gg is less than —10 dB and is
not illustrated), and the maximum gain of Gy for LH CP
radiation, Gy n.x, appears between the lower bound frequency f,
and the N frequency fy.

The prediction that, as the frequency is increased from the N
frequency fy toward the balanced frequency fyjance = 3 GHz, the
gain G will decrease, is also confirmed. Note that this analysis
result agrees with a result obtained using another technique [the
finite integration technique (FIT) by CST MWS [13],
illustrated by dots], therefore confirming the prediction made
for LH CP radiation. The 3-dB gain reduction bandwidth for
LH CP radiation in the z-direction, G; BW, is calculated to be
9.6%.

Fig. 8 shows the gain in the z-direction at frequencies above
foalance = 3 GHz. Again, as predicted, the maximum gain of Gy
for RH CP radiation, Gruax, appears at a frequency between the
upper bound frequency fy and the H frequency fy. In addition,
the gain Gy decreases with decreasing frequency toward the
balanced frequency fyaunce- The analysis results obtained using
the FEM and the FIT are in good agreement. The 3-dB gain
reduction bandwidth for RH CP radiation in the z-direction,
GrBW, is calculated to be 9.7%. Thus, RH CP radiation above
foaance 18 confirmed. As a result, our predicted dual-band
counter-CP radiation (LH CP radiation within a particular
frequency band and RH CP radiation within a different
frequency band) is numerically confirmed.

B. Axial ratio, radiation pattern, and VSWR

Other antenna characteristics are presented in Figs. 9—11. Fig.

9 shows the axial ratio in the z-direction as a function of
frequency. It is found that the 1-MTM-SPA has a moderately
wide axial ratio bandwidth (ARBW). The bandwidth for a 3-dB
axial ratio criterion for LH CP radiation, AR; BW, is calculated
to be 9.0%, while that for RH CP radiation, ARRBW, is
calculated to be 8.2%. Each axial ratio bandwidth is slightly
larger than the overlapping frequency bandwidth (OBW)
where a 3-dB axial ratio bandwidth and a 3-dB gain reduction

bandwidth overlap: O;BW = 7.0% [Af/feen. (2.66
—2.48)/2.57] for LH CP radiation and OgBW = 7.3% [Af/f .. =
(3.68-3.42)/3.55] for RH CP radiation, shown by shaded
regions in Fig. 9.

Table I. PARAMETERS

Symbol Value

€r 2.6
B 1.6 mm
w 2 mm
Cell P 10 mm
po 4 mm
Ag 1 mm
p 0.5 mm
he 0.6 mm
Ground Sx 110 mm
plane Sy 110 mm
Co 1.07 pF

LH elements

Lo 3.74 nH
Ezz‘i‘;ffy founee | 3.0 GHz
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Fig. 6. Normalized antenna size C,./A,, Where fy and fy; denote the N
and H frequencies, respectively, at which C../A, = 1 is satisfied.

Table II. FILAMENT LENGTH

Symbol Value
L, 10 mm
L 10 mm
Ls 20 mm
L4 20 mm
Ls 30 mm
Ls 30 mm
L, 40 mm
Ls 40 mm
Lo 50 mm
Lio 50 mm
Lu 60 mm
L2 60 mm
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Fig. 10 depicts the radiation patterns within the overlapping
bandwidths. The dashed (E.) and solid (ER) lines illustrate the
LH CP and RH CP radiation field components, respectively.
For confirmation, the radiation patterns at 2.6 GHz and 3.6
GHz are checked using FIT [13]; see the black dots for E; and
the white dots for Eg. It is found that the principal component
Er within the frequency band for LH CP radiation has a wider
half-power beam-width (HPBW) than the principal component
Eg within the frequency band for RH CP radiation. This is due
to the fact that the 1A, active region (relative to the free-space
wavelength L) for LH CP radiation is smaller than that for RH
CP radiation; 1A,/Ag = 1.67 at 2.6 GHz for LH CP radiation and
1Ag/Ao =1.97 at 3.6 GHz for RH CP radiation.

The radiation pattern is not perfectly symmetric with respect
to the z-axis. If a perfectly symmetric radiation pattern is
needed, a two-arm spiral structure in balanced mode is
recommended. However, this will inevitably result in the
increased cost of using a balun circuit, with the associated
laborious circuit design.

The configuration parameters in Table I lead to a Bloch
impedance of approximately 80 ohms. Fig 11 (a) shows the
frequency response of the input impedance Z;, = R;, + jX,
where R;, and Xj, fluctuate in the vicinity of 80 ohms and zero
ohm, respectively. The fluctuation is due to the subdivided arm
and the arm bending. Based on this input impedance, the
frequency response of the VSWR relative to 80 ohms
(VSWRg) is calculated and shown in Fig. 11 (b). The
calculated results exhibit a VSWRg, of less than 2 within a
7.0% overlapping bandwidth for LH CP radiation and a 7.3%
overlapping bandwidth for RH CP radiation. Even if the
VSWR is recalculated relative to 50 ohms (VSWRy), it turns
out not to exceed 2.2 for the overlapping bandwidths O; BW
and OgBW, as desired.

C. Comparison between 1-MTM-SPA and 2-MTM-SPA

Next, we compare the antenna characteristics for the
I-MTM-SPA with those for a two-arm rectangular
metamaterial-based spiral antenna (2-MTM-SPA) [6], where
the 2-MTM-SPA is implemented using the same parameters
shown in Table I. In contrast to the 1-MTM-SPA, the
2-MTM-SPA is fed using two feed lines with a 180-degree
phase difference. Both MTM-SPAs have the same antenna size
Cane and the same antenna height B (= 1.6 mm). Table III shows
a summary of the main characteristics of the 1-MTM-SPA and
2-MTM-SPA. 1t is found that the 1-MTM-SPA has a slightly
larger radiation efficiency than the 2-MTM SPA, due to the fact
that the total arm length of the straight filaments for the
1-MTM-SPA (420 mm) is longer than the unit arm length for
the 2-MTM-SPA (210 mm). As a result, the I-MTM-SPA has a
slightly larger radiation efficiency than the 2-MTM-SPA,
leading to slightly larger maximum gains Gy, and Grpyax and
hence slightly narrower gain bandwidths GiBW and GgkBW.
Note that the radiation efficiency for the 2-MTM-SPA equals
the radiation efficiency of its unit arm. Also note that there is
not a noticeable difference in the VSWR characteristics of the
two MTM-SPAs.
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Fig. 7. Gain in the z-direction below fuunce = 3 GHz. The LH CP
radiation is dominant. GiBW denotes a 3-dB gain reduction
bandwidth for LH CP radiation. Gy is less than —10 dB and not
illustrated. The analysis is performed using FEM [12] and FIT [13].
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D. Change in the Ground Plane Size

The basic discussion for the 1-MTM-SPA is made in
subsections A - C. Further detailed analysis is performed and
discussed in the following subsections D - F. In this subsection
D, we analyze the effect of the size of the ground plane, s, xs,,
on the antenna performance, where the ground plane has the
same size as the dielectric substrate, sy x Sy.su, and is called
the G_g ground plane [note that the ground plane throughout
section III to section V A - C is a G—s ground plane of sy x s, =
Sx-sub X Sy-sub = 110 mmx 110 mm]. The analysis reveals that, as
the G—s ground plane size is decreased from s, xs, = 110
mm x 110 mm, the back radiation increases. An example of this
fact is depicted in Fig. 12, where the radiation pattern is
calculated at an LP CP radiation frequency of 2.6 GHz and an
RH CP radiation frequency of 3.6 GHz.

The analysis also reveals that the variation in the gain (in the
z-direction) is small when the G_g ground is wider than 110
mm x 110 mm. [The gain G in the z-direction reaches a
maximal value Gy, at a frequency near 2.6 GHz. The Gy, 1S
changed from 0.9 dBi (HPBW,., piane = 82°) at 110 mmx 110
mm to 0.6 dBi (HPBWy_, yiane = 92°) at 127 mmx 127 mm,; the
gain Ggin the z-direction reaches a maximal value Gry,y at a
frequency near 3.6 GHz. The Grpax is changed from 5.5 dBi
(HPBW ., plane =40°) at 110 mm x 110 mm to 5.6 dBi (HPBW,,
plane = 39°) at 127 mmx 127 mm.]

Based on these facts, we define the following values as the
reference values: ground plane size sy xs, = 110 mmx 110
MM = Sy_ref X Sy_rep, SUbstrate size Sy g X Sy_qip =110 mmx 110
MM = Sy_gubrer X Sy—sub-ref (= Sx—ref X Syref), C€ll periodicity p = 10
mm = p,, number of arm filaments M = 12=M,, L; = 10 mm
= L,_.p, and antenna size C,y = 240 mm = C,pqref

Next, we investigate the effect on the antenna performance
when only the ground plane size s, xs, is increased from its
reference value, holding the dielectric substrate size at its
reference value; (8¢ x Sy, Sx—sub* Sy_sur) = (varied, 110 mmx 110
mm). Note that the ground plane that is larger than the substrate
is denoted as the G-y ground plane to distinguish it from the
G_g ground plane. It is revealed that the variations in the
antenna characteristics for a G.g ground plane of larger than the
reference value sy_r x Sy_rare relatively small. [As the ground
plane size sy x s, is increased from the reference sy ref X Sy_rer =
110 mmx 110 mm to 127 mm x 127 mm, the gain Gy, in the
z-direction changes from 0.9 dBi (HPBWy_, yjane = 82°) to 0.6
dBi (HPBW. piane = 94°) and the gain Grpmax in the z-direction
changes from 5.5 dBi (HPBWy, e = 40°) to 5.8.dBi
(HPBW ., plane = 39°). The radiation efficiencies Mpmax for Grmax
and Mrmax for Grmax remain almost unchanged and are
approximately 40% and 25%, respectively.

E. Change in Pitch

The distance between the centers of the adjacent spiral turns
is defined as the pitch. The pitch for the spiral wound by
filaments whose lengths are Ly, = Ly, [mm] (n =1, 2,..., M)
equals L; [mm]; that is, changing the pitch corresponds to
changing the first filament length L,.

FEM{ER FIT{ER °* (2,60 GHz and 3.60 GHz)
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Fig. 10. Radiation patterns. (a) At frequencies within the overlapping band
width O BW. (b) At frequencies within the overlapping band width ORBW.
FEM results at f= 2.6 GHz and 3.6 GHz are confirmed by FIT results.

Copyright (c) 2013 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the |EEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication.

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

In the following discussion, we change the pitch (equals L;
[mm]). In response to this change, we choose the cell length
(i.e., the cell periodicity p [mm] ) to be L; [mm] and change the
Cp and Ly in Table I to (p.¢/L;)Cr and (p,/L1)Ly, in order not
to change the dispersion diagram shown in Fig. 5. Note that the
first filament is made of one cell of length p [mm]. Also, note
that the first filament length, pitch, and cell periodicity change
with the same value.

When L, is decreased under the condition that the antenna
size (C,n = 4Ly, where Ly, is the longest/last filament length) is
fixed, the number of arm filaments, M (which is as a function of
L)), increases and the total arm length L, + L, +...+ Ly
increases. This will lead to an increase in the gain due to an
enhancement of the amount of radiation. To confirm this, we
vary L; (and hence, pitch), holding the ground plane size s, x sy,
substrate Size Sy.qup X Sy, and antenna size C,, at their
reference values: (sy x Sy = Sy X Sy-aps Cane L) = (110
mm x 110 mm, 240 mm, varied). The analysis reveals that, as L;
(and hence, pitch) is decreased from 10 mm (leading to M =12
= M,ep) to 5 mm (leading to M = 24 = 2M,.y), the gain Gy .y for
LH CP radiation in the z-direction increases by 3.3 dB and the
gain Gryax for RH CP radiation in the z-direction increases by
1.1 dB. Note that adjusting the pitch does not lead to a
relationship of Gy pax Grmax due to the dispersive
characteristic of the antenna arm.

The decrease in pitch from 10 mm to 5 mm makes the
radiation pattern narrower; the HPBW of the radiation pattern
E. for G . decreases from 82°to 77°in the x-z plane and from
108° to 83° in the y-z plane; the HPBW of the radiation pattern
Eg for Grpmax decreases from 40° to 38° in the x-z plane and from
45°to 40° in the y-z plane. It is also found that the decrease in
pitch affects the VSWR due to an increase in the number of arm
bends (i.e., M—1 arm corners); a VSWRs, of less than 2.2,
obtained across the overlapping gain and axial-ratio
bandwidths O;BW and OgBW for a pitch of 10 mm, is
deteriorated to 2.7 (at the worst value) for a pitch of 5 mm.
Note that, as already mentioned, the axial ratio and gain for the
overlapping bandwidths are those calculated in the z-direction.

F. Radiation Squint

The low and high frequencies that let the normalized
antenna size be C,y /A, = 1 are defined as fy and fy, respectively,
in Fig. 6. Similarly, the low and high frequencies that let Cype /A
be 2 are newly defined as fy, and fy,, respectively. The first
mode radiation occurs at frequencies near fy and fy, and the
second mode radiation occurs at frequencies near fy, and fy,
[16]. As the frequency is decreased from fy to fy, (*increased
from f; to fiyp), the second mode radiation begins to appear and
be superimposed onto the first mode radiation. The phases of
the second mode radiation with respect to the z-axis have an
out-of-phase characteristic, as opposed to those of the first
mode radiation (an in-phase characteristic as shown in Figs. 2
and 3). Due to these phase characteristics, the superimposition
of the second mode radiation onto the first mode radiation
makes the radiation pattern asymmetric with respect to the
z-axis, i.e., the radiation squints. This subsection reveals how
the pitch and ground plane size effects on the squint.

The effect of the pitch (equals L; [mm]) is analyzed using the

reference parameters: (S¢ X Sy = Sy X Sy—sub» L1) = (110
mmx 110 mm, varied). As in subsection E, the antenna size C,y,
is held at 240 mm; the cell periodicity p [mm] is changed with a
relationship of p = L; [mm]; and the reactance values are
changed to (pret/L1)Cy [pF] and (prer/L1)Ly [nH].
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Fig. 11. Frequency response. (a) Input impedance. (b) VSWR relative to a
Bloch impedance of 80 ohms (VSWRg). VSWRs relative to 50 ohms
(VSWRs) within the overlapping bandwidths O, BW and OxgBW are also
illustrated.

Table III. COMPARISON

1-MTM-SPA | 2-MIM-SPA
Number of filaments per arm 12 6
Longest filament length L2 =60 mm Lg =60 mm
Length per arm 420 mm 210 mm
GlLimax 0.92dBi — 0.56dBi
Granace 5.49dBi 4.88dBi
G BW 9.6% 14.7%
GzBW 9.7% 13.6%
AR;BW 9.0% 33%
ARzBW 8.2% 10.8%
O BW 7.0% 3.3%
OrBW 73% 10.8%
VSWRso =21 =20
VSWR within Oy BW
VSWRgp =5jlk] =12
VSWRso =22 =22
VSWR within OgBW
VSWRg =15 =14
Radiation efficiency within Oy BW =422% =26.8%
Radiation efficiency within OgBW =24 6% =19 4%
Best AR within O BW 1.75 267
Best AR within OgBW 022 116
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Fig. 13 shows the radiation patterns at the frequencies for  changes from 5° to 2° in the ¢ = 0° plane (x-z plane) and from 6°
GLmax and Grmax. It is found that the beam squints. When the  to —5° in the ¢ = 90° plane (y-z plane), while the 05, of the Ex at
pitch (equals L, [mm]) is changed from 10 mm to 5 mm, the  the frequency for Ggpax changes from —6° to —3° in the ¢ = 0°

squint angle Bsq (angle 6 from the z-axis) of the principal  plane and from 2° to 0° in the ¢ = 90° plane.
radiation field component E; at the frequency for Gipax
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Fig. 12. Radiation pattern with the G_s ground plane size sy X sy (= Sx-ub X Sy-suv) s a parameter. (a) At 2.6 GHz for LH CP radiation. (b) At 3.6 GHz for RH CP
radiation. The parameters except for s, X 8y (= Sx.sub X Sy-ub) i Tables I and II are used.
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Next, we analyze the effect of the size of a ground plane. The
parameters for this analysis are (Sgx Sy, Sx-sub X Sy-subs L1) =
(varied, 110 mmx 110 mm, 10 mm), with M,s = 12. Fig. 14
depicts the radiation patterns for LH CP radiation and RH CP
radiation, with the ground plane size s, x s, as a parameter,
where s, x s, is equal to or larger than the reference value of the
substrate SiZ€ Sy_sup-rer X Sy—sub-ref = 110 mmx 110 mm. When the
ground plane size s, x s, is changed from 110 mmx 110 mm to
127 mm x 127 mm, the squint angle Osq of the principal
radiation field component E; at an LH CP radiation frequency
2.6 GHz changes from 5° to 8° in the ¢ = 0° plane (x-z plane)
and from 6° to 15° in the ¢ = 90° plane (y-z plane), while the
squint angle Bsq of the principal radiation field component Ep at
an RH CP radiation frequency 3.6 GHz remains unchanged (—
6° in the ¢ =0° plane and 2° in the ¢ = 90° plane).

Note that the axial ratio (AR) throughout this paper is the one
in the z-direction, not in the squint-beam direction, taking into
account practical applications where the radiation in the
z-direction is used. It cannot be said that, across the
overlapping gain and axial ratio bandwidths O, BW and OxBW,
the AR in the squint-beam direction is always better than the
AR in the z-direction, due to its non-uniform behavior with the

frequency. The overall evaluation for the AR across the
overlapping bandwidths O, BW and OxBW reveals that the
ARs in the squint-beam direction and z-direction are almost the
same.

VI. EXPERIMENT

We designate the 1-MTM-SPA specified by tables I and II as
the original antenna. Fig. 15 shows an antenna modified from
the original antenna. The modified antenna has conducting
islands (each having an area of i,xi, = 1.40 mmx 1.65 mm)
within apertures (each having an area of a, x a, = 2.00
mm x 2.45 mm) cut in the ground plane, in order to load
inductors of L;. Each inductor is inserted between the island
and the ground plane. For this insertion, the pin length in Table
I is modified to hy = 1.6 mm.

First, taking into account the abovementioned structural
modification, C and L in Table I are changed to C, = 1.30 pF
and L; = 3.00 nH. It is confirmed that the theoretical gain with
the changed C; and L; shows a relatively good agreement with
the gain for the original antenna [Gy 3 and Grpay increase from
those for the original antenna only by 0.55 dB and 1.01 dB,

E -_— o
f : freq. ¢ 0
LE, oo Z
=
0 30°
GLmax at| |, ﬂ( ANV
. |
pltch 2.55 GHZ [_4212 X
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Grmax at| _, /T 60" 60° 60° 60
3.53 GHz = x ¢=45" y =135
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Grmax at "A o 4"“ oo
2.60 GHz ﬁ‘gygm s V2 AN
pitch "'JA‘WQ "‘{A'AV'.
e TS
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Fig. 13. Radiation patterns for different pitches. The ground plane has the same size as the substrate (G=s ground plane). The parameters are (s, X 8, =

Sxesub X Sy-sup> L1) = (110 mm x 110 mm, varied).
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respectively]. commercially available chip capacitors (each having Cp = 1.20

Second, we investigate the effect of the losses in the pF, close to 1.30 pF in the first step) and 42 chip inductors
substrate (Teflon of ¢ =2.6 and tan &= 0.0015) and the (each having L; = 3.00 nH, the same as the value in the first
conducting material (cupper having a conductivity of 58x 10°  step). These chip elements have resistive values: approximately
S/m) for the arm, vias, and ground plane. It is revealed that the 1 ohm for C; and 0.16 ohm for L;. In addition, the chip
theoretical gain in this second step decreases from that in the  capacitor has an equivalent series lead inductance of 0.43 nH.
first step only by approximately 0. 3 dB. Figs. 16-18 show the experimental results, including the gain,

Finally, we make an experimental model using 84 radiation pattern, and input impedance. The gain and input
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Fig. 14. Radiation pattern with the ground plane size s, X s, as a parameter. The substrate size is held at its reference value. The parameters are (sy X sy,
Sx-sub X Sy-sub, L1) = (varied, 110 mm X 110 mm, 10 mm) with M = 12. (a) At 2.6 GHz for LH CP radiation. (b) At 3.6 GHz for RH CP radiation.
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impedance are focused on those across the O, BW and OrBW,

which are useful/practical frequency bands in the engineering 20 ¢ ‘ T ]
sense. These experimental results are in good agreement with 2 15E Oj_}iw O}f;w theo. E
the theoretical results including all losses and lead inductances. 2 {gi — ]
Clearly, our goal, i.e., dual-band counter-CP radiation, is 210 i E
confirmed experimentally. Note that the maximum gains G ax s e’(‘}pk' e
and Ggp, decrease from those in the first step by approximately % E {Giooo 7
3 dB and 4 dB, respectively, due to the losses in the f 0 g i E
commercially available material and reactance elements. © -5F 4 ke E
Development of new reactance elements having a smaller loss £ 10 g { ‘&\3 E
will reach the gain in the first step. S © .
F ‘ . ‘ i

= 2 3 4 5
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Fig. 16. Experimental and theoretical gains for a lossy structure
across the overlapping bandwidths O, BW and OrRBW.
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Fig. 17. Experimental and theoretical radiation patterns for a lossy
structure. (a) At 2.6 GHz for LH CP radiation. (b) At 3.6 GHz for RH CP

radiation.
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Fig. 18. Experimental and theoretical input impedances for a lossy
structure across the overlapping bandwidths O, BW and OxkBW.

VII. CONCLUSIONS

(c)

A prediction regarding the existence of dual-band
counter-CP  radiation is made for a single-arm
metamaterial-based spiral antenna (1-MTM-SPA) with inner
excitation, where the spiral does not need a balun circuit. To
confirm the prediction, a 1-MTM-SPA is designed using a
dispersion diagram. Analysis based on two different methods

Fig. 15. Fabricated test antenna. (a) Islands in the ground plane. (b)
Perspective view. (c) Reverse side view.
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(FEM and FIT) confirms the prediction of dual-band
counter-CP radiation from the behavior of the gain and
radiation pattern. The gain for LH CP radiation reaches a
maximum near the N frequency fy, and the gain for RH CP
radiation reaches a maximum near the H frequency fy. The
maximum gain for the LH CP radiation is found to be smaller
than that for the RH CP radiation, due to a wider HPBW. The
overlap of the gain and axial ratio bandwidths is calculated to
be moderately wide: 7.0% for the LH CP radiation and 7.3% for
the RH CP radiation. The input impedance characteristic is
acceptable for practical applications, with a VSWRs, of less
than 2.2 across the overlapping bandwidths O, BW and OxkBW.
A comparison between the 1-MTM-SPA and the 2-MTM-SPA
having the same antenna size reveals that the 1-MTM-SPA has
slightly larger radiation efficiency than the 2-MTM-SPA. Note
that a fabricated 1-MTM-SPA also confirms the dual-band CP
radiation.
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