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ABSTRACT Radiation in the normal direction for a metaloop antenna is discussed. First, the radiation
field generated from an N-type current distributed along a loop, EN, is investigated. The investigation
clarifies the behavior of the unbalance between the left-handed circularly polarized (LHCP) component of
En at frequency f(—) and the right-handed circularly polarized (RHCP) component of Ey at frequency fi),
where the loop circumference at these frequencies is one guided wavelength. Secondly, the radiation field
generated from a C-type current, Ec, is investigated. The second investigation, when combined with the first
investigation, leads to an inference that balanced radiation (and hence balanced gain) will be obtained when
the N-type current over a certain region of the loop is replaced with a C-type current. Thirdly, to check this
inference, a radiation field generated from a composite of the N-type and C-type currents, Exc, is formulated.
Using this formulation, the ratio of the gain for an LHCP wave to the gain for an RHCP wave, G, is derived.
Fourthly, a metaloop antenna simulation model that has a balanced gain is created using practical N-type
and C-type metaatoms that realize the composite current. Finally, a metaloop antenna is fabricated on the
basis of the antenna simulation model. Measurements confirm that the fabricated metaloop antenna has
a balanced gain in the normal direction. As supplementary data, the radiation pattern and VSWR of the
fabricated metaloop antenna are also presented, together with the radiation efficiency and some comments.

INDEX TERMS Antenna, circularly polarized radiation, gain, metaatoms.

I. INTRODUCTION

Circularly polarized (CP) antennas have been used, for exam-
ple, in satellite communications and mobile communications
and offer the advantage that polarization alignment of the
transmitting and receiving antennas is not needed. So far,
numerous CP antennas have been proposed [1], [2]. Among
these, the axial mode helical antenna in [3]-[6], the spiral
antenna in [7]-[9], and the curl antenna in [10]-[12] have
become well-known CP antennas.

A loop antenna is an antenna that radiates a linearly polar-
ized (LP) wave [13], [14]. A paper in [15] has revealed
that LP radiation can be changed to CP radiation by adding
perturbation elements to the loop. Using such a perturbation
technique, a C-shaped CP loop antenna has been created [16]
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and deployed on actual satellites, including mu-LAbSat,
SOHLA A-1, and SOCRATES H-II.

The abovementioned helical, spiral, curl, and loop CP
antennas are summarized in terms of the antenna height and
polarization as follows: (i) they have a ground plane and the
antenna height above the ground plane exceeds 1/10 wave-
length. (ii) the radiated wave is either left-handed circu-
larly polarized (LHCP) or right-handed circularly polarized
(RHCP), subject to the winding sense of the antenna arms,
i.e., the radiated wave has a single polarization. Such a sin-
gle polarization characteristic comes from the fact that the
propagation phase constant of the current along the antenna
arm is positive (8 > 0). Conventional helical, spiral, and
curl antennas with currents having only a positive B are
categorized as natural antennas.

In contrast, a recently created metaloop antenna has a low-
profile structure, where the antenna height is on the order
of 1/100 wavelength, and radiates both an LHCP wave and an

VOLUME 8, 2020


https://orcid.org/0000-0002-5559-1771
https://orcid.org/0000-0003-2546-1797
https://orcid.org/0000-0002-1263-1913
https://orcid.org/0000-0002-1848-4862

H. Nakano et al.: Theoretical Investigation of Radiation in the Normal Direction for a Metaloop Antenna

IEEE Access

RHCP wave (counter CP radiation or Cnt-CP radiation) [17].
The Cnt-CP radiation is obtained in two distinct frequency
bands (dual-band operation, Du-BND operation). Therefore,
we can create a communication system where the interfer-
ence between transmitting and receiving signals is effectively
eliminated. Note that the metaloop antenna has a current with
a negative propagation phase constant (8 < 0) across a
specific frequency band, and a current with a positive prop-
agation phase constant (8 > 0) across a different frequency
band, and is categorized as a metamaterial antenna [18]-[21].

However, as will be clarified in this paper, the metaloop
antenna has the drawback that the maximum intensity of the
LHCP and RHCP radiation fields in the direction normal to
the loop plane is generally not the same, and hence the gain
of the Du-BND Cnt-CP radiation in the normal direction is
unbalanced. To realize a balanced gain, an amplifier or an
attenuator is needed, resulting in high cost and an increase
in the complexity of the design of the CP communication
system.

So far there has been neither theoretical realization of
balanced field intensity in the normal direction nor its experi-
mental demonstration [22]-[25], except for [26]. The antenna
structure in [26] is composed of a square metaloop antenna
and a square parasitic loop placed above the metaloop
antenna, thereby realizing a balanced gain. Note that such
a solution leads to a high profile structure; in other words,
the advantage of a low-profile structure of the metaloop
antenna itself disappears.

Most recent numerical analysis [27] has quasi-theoretically
shown the behavior of the polarization and field intensity in
the normal (broadside) direction of metaloop antennas (RND-
MTLP-C, RND-MTLP-N, SQR-MTLP-C, SQR-MTLP-N).
However, it has not referred to any solutions to balancing the
field intensities in Du-BND Cnt-CP radiation.

This paper resolves the issue of unbalanced radiation field
intensities (and hence gains) in the normal direction for the
metaloop antenna that is encountered with Du-BND Cnt-CP
radiation. To do this, radiation fields En, Ec, and Enc gen-
erated from the respective traveling currents flowing along
the loop, IN, Ic, and Inc, are formulated. Based on an
insight into these radiation fields, an innovative metaloop
antenna with a balanced gain is created. The created antenna
is called the NC-type metaloop antenna, where N-type and
C-type currents are introduced into an antenna design equa-
tion for the first time. Note that conventional metaloop anten-
nas, summarized in [27], use either an N-type current or a
C-type current and encounter unbalanced fields in the normal
direction.

Six sections constitute this paper, where the discussions in
Sections II through IV are, for convenience, referred to as the
preliminary discussions and prepare for the realization of the
targeted metaloop antenna with balanced gain.

Section II considers a situation where an N-type current
with polarization factor ¢ (0 < g < 1) flows along a loop and
generates a radiation field of En. We focus on Ey in the nor-
mal direction of the plane of the loop when the circumference
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is one guided wavelength (11¢), and discuss the effect of g on
the LHCP and RHCP radiation field components of Ey. The
degree of unbalance between the LHCP and RHCP radiation
field components is clarified using g.

Section III discusses a situation where a C-type current
flows along a loop. We formulate the radiation field in the
normal direction, Ec. Based on an insight into Ec together
with the above-mentioned Ey, an inference for obtaining a
balanced gain is made. Subsequently, this inference is theo-
retically (numerically) investigated in Section IV, where the
N-type current on a certain region of the loop is replaced
with a C-type current, resulting in a composite of N-type and
C-type currents. The radiation field in the normal direction
generated from the composite current, Exc, is derived. Using
Enc, the behavior of the antenna gain is investigated as a
function of the boundary azimuth angle, Ny (azimuth angle
at the connection point of the N-type and C-type currents).

Based on the preliminary discussions, Section V presents
metaloop antenna simulation models, where practical N-type
and C-type metaatoms that produce corresponding N-type
and C-type currents are introduced. Using the formulas
derived in the preliminary discussions together with the sim-
ulated results of the antenna models, an innovative metaloop
antenna, called the NC-type metaloop antenna, is designed
such that it has a balanced gain. Finally, the designed NC-
type metaloop antenna is fabricated and the balanced gain is
confirmed by experiment. As supplementary data, simulated
and experimental results for the radiation pattern and VSWR
of the NC-type metaloop antenna are presented, together
with the radiation efficiency and some comments. Section VI
summarizes the findings obtained in this paper.

It should be emphasized that a challenging point in this
paper is the determination of boundary azimuth angle N
for the created NC-type metaloop antenna. It is worthy to
describe that the determination of Ns in this paper is theo-
retically performed on the basis of newly derived equations
and an insight into them; in addition, experiment validates a
balanced gain for the NC-type metaloop antenna with deter-
mined N for the first time. Thus, the issue of the unbalance
gain is resolved.

Il. RADIATION FROM AN N-TYPE CURRENT IN THE
NORMAL DIRECTION

Fig. 1 shows a loop of radius r.. We assume that a traveling
current, IN(s'), designated as the N -type current, is distributed
across an angular range of Ny to N, [rad] of the loop:

ING) = io(G — jgi)e 7P, ()
where s’ is the distance to a current element along the loop
measured from point X, and is called the source point coor-
dinate; ip is the amplitude of the current and assumed to be
constant; § is the unit vector tangential to the loop, and 7 is the
unit vector normal to §; ¢ is a constant (0 < g < 1), called the
polarization factor; 8 is the propagation phase constant, i.e.,
B = —2n/k;for B < Oand B = +27/A, for B > 0 with
Ag being the guided wavelength at frequency f. The phase
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FIGURE 1. N-type current distribution.

constants for § < 0 and B > 0 are designated as the left-
handed phase constant (LH-PhsC) and right-handed phase
constant (RH-PhsC), respectively.

Using the rectangular coordinate system of (x, y, z) with
unit vectors (X, ¥, 7), the unit vectors of § and ¢ at the source
point specified by s” are expressed as

5= —sin¢g’x +cos ¢’y )
f = cos¢'x + sing'9, 3)

where ¢’ is the azimuth angle at the source point on the x-y
plane. The radiation field generated by the N-type current at a
far-field point of (r, 8, ¢) (called the observation point), Ex,
is expressed as

Hw . reNe O
En (r, 0, ¢) = —jig—e k0" / Py /B ko™ gy
dmr reNs
“4)

where Py, = § — jgi; 1 is the permeability in free space; w
(=2nf) is the operating angular frequency; ko is the propa-
gation phase constant in free space; 1’ is the vector directed
from the coordinate origin to the source point specified by s';
and 7 is the unit vector directed from the coordinate origin to
the observation point.

Our interest is in the radiation field in the direction normal
to the loop (in the z-direction), i.e., En (r, 6 = 0, ¢). In this
case, the inner product of (7 - r) is zero and Eq. (4) at
frequency f is expressed as

En(r,0 =0°, ¢) = UfQuyosin + Uf Qruosu,  (5)

where

U = e igr, ©)
2r
l+q . .
Qi = Tq(—ﬂf +9) )
l—¢q, .. .
Qru = 3 Gx +) ®)

Ne . ,
— / e I1HBrP g1

efj(] +n)Nc — efj(l+n)Ns

—j(1+n)
osLH(n) 9)

Ne ) ,
J— / J1=Br)d g 1

Ns
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@/(1=mN¢ 5j(1=n)Ns

J —n)
= ogrH(N). (10)

The Br. in Egs. (9) and (10) is replaced by n, i.e., Br. = n,
which is negative for § < 0 and positive for B > 0. The
absolute value of n, |n|, is the circumference of the loop
of radius r. normalized to the guided wavelength A, at a
particular frequency f, and hence || is called the normalized
circumference. Note that the terms involving Qryg and Qry
in Eq. (5) are the LHCP and RHCP radiation field elements of
EN, respectively. Also note that an antenna using the N-type
current is called the N-type metaloop antenna, which appears
later in Section V.

A. Ey FOR A LEFT-HANDED PHASE CONSTANT (LH-PhsC)
We denote Ex(7, 8 = 0, ¢) for a phase constant of 8 < 0
at frequency f = fi—) as E%I_)(r, 6 = 0, ¢). Fig. 2(a) shows
the LHCP and RHCP radiation field components of E{”(r,
6 = 0, ¢), denoted as EN(—) LHCP and EN(—) RHCP,
respectively. These components are calculated as a function
of normalized circumference n [i.e.,n = Br, = —2nrc/Ag <
0 with 7, being the loop radius (varied)], with polarization
factor g as a parameter.

The condition used here is that the N-type current is dis-
tributed entirely along the loop with (Ng, Ne) = (0, 27r) [rad].
The LHCP and RHCP radiation field components of E
are normalized to a value of |Uf(—)(1 + q) o 4 y(n)/2| for
n=—1withg = 1:

1+

20l0g{| Ufi-) — 0wl /| Uf osen(— D} [dB]
for the LHCP radiation field component (11

1—
20log{|Uf )~ osrr (W] /| Uf —yoswit(~ 1)) [dB]
for the RHCP radiation field component. (12)

Hereafter, |Uf(—)osqn(—1)| is used to normalize the radiation
field components, unless otherwise noted. It is found that
the principal radiation field component at f_y is LHCP. The
RHCP radiation field component is extremely small: less than
—20 dB, except for g = 0.

It is worth mentioning that radiation field E%\I_) forn = —1
is always LHCP, regardless of the value of polarization factor
q (0 < g < 1). This is clarified by reducing Eq. (5) to

EL (0 =0,0) = Ufic) (1 + @) (—j& +3)

forn=—1, with (Ns, Ne) = (0, 2r) [rad], (13)

where the following results obtained from Egs. (9) and (10)
are used:

osLH(—1) = Ne — N;

=2r forn= -1 (14)
al2Ne _ 425
osru(—1) = ————
J2
=0 forn=-1. (15)
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FIGURE 2. Radiation field Ey(r, 6 = 0, ¢) as a function of normalized

circumference n with polarization factor q as a parameter, where n = g rc.

(a) n <0, where 8 < 0. (b) n > 0, where g > 0.

As the polarization factor is increased to one (g = 1),
the LHCP radiation field component of Eq. (13) increases.
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B. Ey FOR A RIGHT-HANDED PHASE CONSTANT
(RH-PhsC)

This subsection investigates the behavior of Eq. (5) for § >
0 at frequency f = f(4), denoted as EI(\I+)(r, 6 =0, ¢), where
the N-type current is distributed along the entire loop, as in
subsection A. Fig. 2(b) shows ESL) (r,08 =0, ¢) as a function
of normalized circumference n (=fr. = 2 mwr/hg > 0)
with polarization factor ¢ as a parameter, where fi) = f_)/f;
is used with a frequency ratio of f; = 0.743, as an example.
The basis for f; will be clarified later in Fig. 10.

The two notations of the vertical axis in Fig. 2(b), EN(+)
LHCP and EN(+) RHCP, represent the LHCP and RHCP
radiation field components of Eﬁ) (r,60 =0,¢), respec-
tively. It is found that the maximum RHCP radiation field
component appears when n = +1 with ¢ = 0. This is
numerically understood by reducing Eq. (5)

EL(r, 6 = 0,¢) = Ufisy (1 — @) 7 (i3 + 5)
forn = +1, with (N5, Ne) = (0, 277) [rad],  (16)

which is obtained using Eqgs. (17) and (18), derived from
Egs. (9) and (10), respectively:

oy (+1) =0 forn=+1 a7n
osRH(+1) = Ne — Ni
=2 forn=+1. (18)

Eq. (16) reveals that, as the polarization factor is increased,
the RHCP radiation field component decreases and becomes
zero when the polarization factor is one (¢ = 1). The
unbalance between the RHCP radiation field component for
n = +1 and the LHCP radiation field component forn = —1
becomes maximum when g = 1.

C. POLARIZATION FACTOR q AND UNBALANCED
RADIATION
Polarization factor g for the N-type current can be obtained
using two radiation fields for (N5, Ne) = (0, 2m) [rad]:
one is the LHCP radiation field component for n = —1
and the other is the RHCP radiation field component for
n = 1. As described in subsections A and B, Ef\l_) for
n = —1 has only an LHCP radiation field component, as seen
from Eq. (13); on the other hand, E;}H for n = +1 has
only an RHCP radiation field component, as seen from Eq.
(16). It follows that the gain ratio of the LHCP radiation
field component to the RHCP radiation field component, Gy,
is given as
EN (—)LHCP ,
~ "EN(+)RHCP
_Jod+9
Jen (=9

T
1> for|n| = 1. (19)

From Egq. (19),

_ \/ar_fr

q=—— forin| =1. (20)
VG +f;
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FIGURE 3. C-type current distribution.

A balanced gain is obtained when G, = 1. For example,
a balanced gain for a frequency ratio of f; = f(—)/f(+) = 0.743
is realized with a polarization factor of ¢ = 0.147, which
is calculated from Eq. (20). Note that, in reality, it is very
difficult to precisely create such a small polarization factor
for the N-type metaloop antenna. Therefore, we propose a
different technique for gain balancing later in Section V,
where a C-type current is introduced across a certain region
of the loop. In preparation, we investigate radiation from the
C-type current in the following section.

lll. RADIATION FROM A C-TYPE CURRENT IN THE
NORMAL DIRECTION

We assume a traveling current, I.(s’), which flows across an
angle range of Cs to C [rad] on a loop of radius 7, as shown
in Fig. 3.

I(s') = igSe 7P¥ . 1)

This current is distinct from the N-type current of Eq. (1) and
is designated as the C-type current.

The radiation field in the z-direction generated from the
C-type current, Ec(r, 6 = 0, ¢), is derived through the same
process used for deriving radiation field En:

Ec(r,0 =0,¢) = UfQ, (22)
where
Q= 0+, (23)
oy = f « sing'e 7 dg’ (24)
o
oy = /C cos ¢>’efjn¢/d¢/. (25)

U and n in the above equations have already been defined
in Section II. The third element on the right side of Eq. (22)
yields

1 &1=mCe _ 4i(1=mC;

T N AR
1 e 4mCe _ o=j(14mCs
T3 . —j¥+3). (@6
2 g (). @6

All results coincide with the previous results for ¢ = 0 in
Section II.
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FIGURE 4. Radiation field Ec(r, 6 = 0, ¢) as a function of normalized
circumference n. (a) At f_). (b) At f,,.

A. Ec FOR A LEFT-HANDED PHASE CONSTANT (LH-PhsC)
Fig. 4(a) shows the radiation field of Eq. (22) at frequency
fo, E(C_), as a function of normalized circumference n, with
(Cs, Co) = (0, 27r) [rad]. Eg) is decomposed into the LHCP
radiation field component, EC(—) LHCP, and the RHCP
radiation field component, EC(—) RHCP. It is found that
the principal radiation field component is LHCP. The LHCP
radiation field component for n = —1 reaches its maximum
value with the following Q:

Q=m (—j&+7)
forn = —1, with (Cs, Ce) = (0, 27) [rad], (27)

which is obtained by applying an angle range of (Cs, Ce) to
Eq. (28)

1 e2C _g2C
0=z 7 )
1 P
+§~(CC—CS)(—jx+y) forn=—-1. (28)

Eq. (28) is a reduced form of Eq. (26) forn = —1.

B. Ec FOR A RIGHT-HANDED PHASE CONSTANT
(RH-PhsC)

Fig. 4(b) shows Eq. (22) at frequency f4), denoted as E(C+) ,
where (Cs, Ce) = (0, 2m) [rad]. The horizontal axis of this
figure is the normalized circumference, n (>0). The notations
EC(+) LHCP and EC(+) RHCP are the LHCP and RHCP
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radiation field components of E(+), respectively. It is found
that the LHCP radiation field component is small and the
principal radiation field component is RHCP, whose maxi-
mum value is calculated from Eq. (22) with

N | —

Q=+=(C.— Cy) (j& +7)
1 e2Ce _ o=12Cs
L A forn=+1, (29)

(=it+9)
which is reduced to

Q:n(/'fc +§2)

forn =+1, with (Cs, Ce) = (0, 27) [rad]. (30)

In summary, the Ec for a 1A;-circumference loop (normal-
ized circumference |n| = 1) has the following characteristic:
the maximum LHCP radiation field component at f_) for
B < 0 is smaller than the maximum RHCP radiation field
component at fiy) for 8 > 0. Correspondingly, the gain for
an LHCP wave (Grucp) at f(—) for 8 < 0 is smaller than
the gain for an RHCP wave (Grucp) at f(4) for g > O:
Grucp < Grucp. This is in contrast to the En for a 1A-
circumference loop (normalized circumference |n| = 1): the
LHCP radiation field component of Ey at fi_) for 8 < 0 is
larger than the RHCP radiation field component at f4 for
B > 0, when g > 0.147: GLycp > Grucp- In other words,
the gain characteristic for Ec is the opposite of that for Ey.
This fact suggests that an inference can be made: the sum of
Ec and Ey for 8 < 0 and for 8 > 0 will be balanced when
an N-type current is distributed across a certain region of the
loop and a C-type current is distributed across the remaining
region. Thus, it is expected that the unbalanced gain for the
N-type metaloop antenna of 1A, circumference will become
balanced. This expectation is investigated in the following
section.

IV. RADIATION IN THE NORMAL DIRECTION FROM A
COMPOSITE OF N-TYPE AND C-TYPE CURRENTS

A. Eyc FOR A COMPOSITE CURRENT

To confirm the inference and expectation in Section III,
we consider a situation where the N-type current In(s")
of Eq. (1) is distributed across a certain region of a loop
of one guided wavelength (|n| = 1) and the C-type cur-
rent Ic(s’) of Eq. (21) is distributed along the remainder
of the loop without overlapping with the N-type current,
as shown in Fig. 5:

Ng < ¢/ < N, [rad]
Cs < ¢/ < C; [rad]

for In(s") 31
for Ic(s), (32)

where Ny = Ce. This section focuses on the total radiation
field in the normal direction, EN+Ec = Enc, generated from
the composite current in Egs. (31) and (32), denoted as Inc.
An antenna fabricated based on composite current Inc, called
the NC-type metaloop antenna, appears later in Section V.

VOLUME 8, 2020

FIGURE 5. Composite of N-type and C-type currents.

Making use of the results in Sections II and III, we have

Enc (r,0=0,¢)
1+¢ 1
= Uf(—)[{T ' (Ne - Ns) + 5 : (Ce - Cs)}L

1—gq &MNe_ 2N | @2C _ J2G
e 72 T T IR]
forn = —1 (33)
and
Enc (r,0 =0, ) . . o e
B T e

—H% - (Ne — Ns) + % “(Ce — CYIR] forn = +1,
(34)

where L = —jX + y and R = jx + J. Egs. (33) and (34) are
referred to as E;;C) and Eﬁc), respectively.

E&_C) and ES’C) for (Cs, Ng, Ne) = (0, varied, 27) [rad] are
illustrated in Fig. 6 and 7, respectively, as a function of Ng
(=Ce) [rad], with polarization factor g as a parameter, where
N is called the boundary azimuth angle of the N-type and
C-type currents. As boundary azimuth angle N is increased,
the LHCP radiation field component of El(\I_C)’ denoted as
ENC(—) LHCP, decreases, as shown in Fig. 6; conversely,
the RHCP radiation field component of Egrc), denoted as
ENC(+) RHCP, increases, as shown in Fig. 7. Note that the
RHCP radiation field component of Ef\fc) ,denoted as ENC(—)
RHCEP, is less than —20 dB and does not appear at the scale
of Fig. 6.

Further investigation of Eqs. (33) and (34) for (Cs, N,
Ne) = (0, varied, 27m) [rad] brings important results when
the boundary azimuth angle is Ny = C. = 7 [rad]. Egs. (33)
and (34) become Egs. (35) and (36), respectively:

E{ (r,6 =0, )
= Uf(_)(lzﬂn + %n)L
forn = —1 and (Cs, Ng, No) = (0, w, 2)  (35)
EX (r,6 =0, )

1 —
= Uf+)(

Tr+ LoR
T+ =7
2 2
for n = +1 and (Cs, Ng, Ne) = (0, , 27). (36)
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FIGURE 7. Radiation field Eyc(r, 0 = 0, ¢) for n = +1, denoted as ES’C), as
a function of boundary angle Ns = Ce with polarization factor g, where
(Cs, Ne) = (0, 2x) and f = f,). Note that the LHCP radiation field

component of Eﬁ::) ENC(+) LHCP, for ¢ = 0.5 and g = 0.25 is less than

—20 dB and does not appear at this scale.

The above two equations show that, when the loop circumfer-
ence is one guided wavelength, i.e., |n| = 1, the total radiation
field is purely LHCP at f(_) and purely RHCP at ().

B. BOUNDARY AZIMUTH ANGLE Ns (= Ce)

The Enc of Eq. (33) can be approximated by the LHCP
radiation field component, as seen from Fig. 6, and the Enc
of Eq. (34) can be approximated by the RHCP radiation field
component, as seen from Fig. 7. Hence, the ratio of the gain
at f_y to the gain at f(y), Gy, is

2
o {15 0 -+ 4

I ETar
for |n| = 1 and (Cs, Ng, Ne) = (0, varied, 27). (37)

Gy

2

Fig. 8 shows the gain ratio of Eq. (37) as a function of
boundary azimuth angle Ny with polarization factor g as a
parameter. This figure is used to determine boundary azimuth
angle N for the gain ratio at a specified value of ¢.

Our requirement in this paper is to obtain balanced gain:
G; = 1, i.e., Gy = 0 [dB] in Fig. 8. The boundary angle that
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FIGURE 9. Simulation model for an N-type metaloop antenna composed
of N-type metaatoms, where (Ns, Ne) = (5, 2= — §) with § = 0.05x [rad].
(a) Schematic drawing. See also Fig. 14. (b) Perspective view of the N-type
metaatom. (c) Side view of the N-type metaatom.

must be determined is given by the intersection of the line for
G; = 0 dB with the line for the specified q.

V. SIMULATION AND ANTENNA FABRICATION USING
N-TYPE AND C-TYPE METAATOMS

The preliminary discussions in Sections II through IV have
been made without referring to the practical elements that
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produce the N-type and C-type currents. The discussion
in this section is performed by introducing these elements,
called the N-type and C-type metaatoms [28].

A. SIMULATION MODEL

Fig. 9(a) shows the simulation model for an N -type metaloop
antenna composed of numerous N-type metaatoms printed
on a grounded substrate of radius Rgp = 55 mm. Figs. 9(b)
and (c) elaborate the N-type metaatom. The array of N-type
metaatoms occupies a region of § < ¢’ < 27 — § [rad] with
8 = 0.057 [rad]. The loop radius is r. = 200/27 mm. Point
F is the feed point and point 7 is the loop end terminated
to a ground plane through a resistive load (Bloch impedance
Rg = 60 ohms). This antenna simulation model has an
unbalanced gain and is modified to a new antenna simulation
model with a balanced gain using C-type metaatoms.

The dispersion of the metaatom in Figs. 9(b) and (c)
is shown in Fig. 10, which is designed using an
EM simulator [29] such that transition frequency fr is
3 GHz, f(—y = 2.6 GHz, and f) = 3.5 GHz. The param-
eters used here are as follows [27]. H (=3.2 mm) and &,
(=2.6) are, respectively, the thickness and relative permit-
tivity of the grounded dielectric substrate; 2C7z (=1.2 pF)
is the capacitance of the chip capacitor inserted into gap g
(=0.5 mm) between neighboring conducting strips of width
w (=6.6 mm); and p (=2po+ 2g = 10 mm) is the length
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FIGURE 11. Frequency response of the gain for the N-type metaloop
antenna, where (Ns, Ne) = (8, 2z — §) with § = 0.05x [rad].

of the metaatom (periodicity). Other parameters Iy, and wg,
are the respective length and width of the stub, which is
short-circuited to the ground plane through a conducting pin
of diameter 27pin: (lstb, Wstb, 2Fpin) = (4.5 mm, 1.0 mm,
1.0 mm).

Frequencies fi, and fiy in Fig. 10 are the lower- and upper-
band edge frequencies for a fast wave, respectively. The
propagation phase constant is negative (8 < 0) below fr and
positive (8 > 0) above fr. Frequency f_y = 2.6 GHz and
S+ = 3.5 GHz, where the guided wavelength normalizes
the loop circumference of 27 r., lead to a frequency ratio of
fr = folfi+) = 0.743, which has already been used in the
preliminary discussions.

Fig. 11 shows the frequency response of the gain for
the N-type metaloop antenna simulation model in Fig. 9.
In accordance with the theoretical results in Section II,
the maximum LHCP gain is obtained near f_) = 2.6 GHz
and the maximum RHCP gain is obtained near f;, =
3.5 GHz. The unbalanced gains at these two frequencies lead
to a gain ratio of G; = 4.1 dB. Applying this gain ratio to
Eq. (37), the polarization factor is determined to be g = 0.36.

Next, we change the unbalanced gain shown in Fig. 11 to
a balanced gain. For this, we modify the original
N-type metaloop antenna simulation model in Fig. 9 into an
NC-type metaloop antenna simulation model by introducing
C-type metaatoms [22], as shown in Fig. 12. The C-type
metaatoms occupy the region § < ¢’ < C, [rad] and produce
C-type current, followed by N-type current produced by N-
type metaatoms occupying the remaining region of Ny <
¢’ < 2w — §)[rad], with Ny = Ce.

The dispersion of the C-type metaatom is designed to
be as similar as possible to that of the N-type metaatom,
as shown in Fig. 13, where the center strip is connected
through a chip inductor of Ly (=1.8 nH) to the ground plane
by a conducting pin of diameter 2rpiy (=1.0 mm) as shown
in Figs. 13(b) and (c). The configuration parameters for the
C-type metaatom, (H, & 2Cz, g, w, p), are the same as those
of the N-type metaatom.

Gain balance occurs when the gain ratio is 1, ie.,
G; = 0 [dB] in Fig. 8. Hence, we search for the intersection
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FIGURE 12. Modified N-type metaloop antenna (NC-type metaloop
antenna) simulation model composed of N-type metaatoms distributed
across region (Ns, Ne) = (Ns, 2r — §) and C-type metaatoms distributed
across region (Cs, Ce) = (5, Ns), where § = 0.05x [rad]. Angle Ns (= Ce) is
the boundary azimuth angle. (a) Perspective view. (b) Top view.

of the G; = 0 dB line with the ¢ = 0.36 (already obtained
value) line. The intersection indicates a boundary azimuth
angle of Ny (=C.) = 1.18x [rad]. Thus, all details required
for modifying the N-type metaloop antenna are known.

A comment is made here: an angle of § = 0.057 [rad] is
used for fabrication of a practical NC-type metaloop antenna,
which appears in subsection B below. The effect on the gain
caused by using this small angle is almost insignificant. The
gain for (Ng, Ne) = (8, 2 — §) is very close to the gain for
(Ns, Ne) = (0, 2m), and hence can be approximated by the
gain for (Ns, Ne) = (0, 2mr) with negligible error.

B. FABRICATION OF AN NC-TYPE METALOOP ANTENNA
Based on the simulation results in subsection A above, first,
an N-type metaloop antenna with (Ng, Ne) = (5, 2m — §)
where § = 0.057 [rad] is fabricated, as shown in Fig. 14. The
measured gain is presented in Fig. 11, with good agreement
with the simulated gain, which indirectly validates the value
of the polarization factor, ¢ = 0.36. It is clear that the LHCP
gain at f(_y and RHCP gain at f(1) are unbalanced at this
phase.

Next, the N-type metaloop antenna is modified into an
NC-type metaloop antenna, as shown in Fig. 15. Both the N-
type and C-type metaatoms have a periodicity of p = 10 mm.
The number of N-type and C-type metaatoms is chosen to be
8 and 11, respectively, leading to a boundary azimuth angle
of Ny = 1.15m [rad], which is very close to the theoretical
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C-type metaatom. (c) Side view of the C-type metaatom.

FIGURE 14. Fabricated N-type metaloop antenna.

value of Ny = 1.187 [rad] obtained in subsection A of this
section.

Fig. 16 shows the frequency response of the simulated and
measured gains for the NC-type metaloop antenna. In accor-
dance with the theoretical results in Section IV, the maximum
LHCP gain at f(_ is balanced with respect to the maximum
RHCP gain at f(1), with good agreement of the simulated
and measured results. Thus, the theoretical determination of
boundary azimuth angle Ng is validated.

Note that the gain simulation is performed using lossless
lump capacitors. There is no remarkable difference between

VOLUME 8, 2020



H. Nakano et al.: Theoretical Investigation of Radiation in the Normal Direction for a Metaloop Antenna

IEEE Access

FIGURE 15. Fabricated NC-type metaloop antenna.

Simulation Experiment
RHCP Gain — RHCP Gain 0 O
LHCP Gain --- LHCP Gain O O
Jo
10 - A
~ L
6r ¥
% L /60 OO
= SR
° 2F / \
S /IO d\
Il [ p O\
D -2 | \‘
£ T 1 |
S Lo \ \ /
CRUTAN T S
Froy | \ I -
o | \ |
1 TS S Y/ VIS W B i W R
9.0 2.5 3.0 3.5 4.0
Frequency (GHz)

FIGURE 16. Frequency response of the gain for the NC-type metaloop
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FIGURE 17. Radiation pattern for the NC-type metaloop antenna. (a) At
f(_) (b) At f(+)

the simulated and measured results. This means that the
lump capacitors used are close to lossless capacitors and the
effect of the lump capacitors on the radiation efficiency is
insignificant.

The other antenna characteristics for the balanced-gain
NC-type metaloop antenna are summarized as follows: the
3-dB gain bandwidth around f(_) is 13.8% and that around
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Jf+) 1s 13.9%; the radiation pattern shows good agreement
between the simulated and measured results, with an axial
ratio of less than 3 dB in the normal direction, as shown
in Fig. 17; and the VSWR across the gain bandwidth around
f—) and f(4) is desirably small: less than two, as shown in
Fig. 18.

It is worth mentioning that the NC-type metaloop antenna
is terminated through a resistive load (Bloch resistance) to
the ground plane at point 7', thereby absorbing the current
that reaches point 7' (called the remaining current) and elim-
inating/suppressing reflection currents from point 7' toward
feed point F. This makes the VSWR small in an almost
frequency-independent manner, although the radiation effi-
ciency is reduced (82% at f(—) and 37% at f(4,). In contrast,
the gain bandwidth is frequency-dependent. This is due to the
fact that the gain has the maximum value when the antenna
circumference is electrically one-guided wavelength. As the
antenna circumference electrically deviates from one-guided
wavelength, i.e., as frequency deviates from f_) and fiy),
the gain decreases, resulting in a finite gain bandwidth.

VI. CONCLUSIONS
Balanced radiation for a metaloop antenna with dual-band
(Du-BND) counter circularly polarized (Cnt-CP) radiation
capability has been theoretically realized through the follow-
ing five steps. First, the radiation field in the normal direc-
tion (z-direction) generated from an N-type current flowing
along a loop with propagation phase constant 8 (positive
or negative), En, is formulated, where the N-type current
is specified by polarization factor ¢ (0 < ¢ < 1). It is
found that, when the loop has one guided wavelength (1)
circumference, a Du-BND Cnt-CP radiation characteristic is
obtained, except when ¢ = 1. However, the intensity of the
left-handed circularly polarized (LHCP) component of Ey at
low frequency f(—) and the intensity of the right-handed circu-
larly polarized (RHCP) component of Ey at high frequency
f(+) are unbalanced, except at a particular value of g.

In preparation for resolving the unbalanced intensities
of Ex (and hence the unbalanced gains) at f—) and f(),
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secondly, the radiation field generated from a C-type current,
Ec, is formulated. From an insight into the characteristics of
Ec and Ey, it is inferred that the unbalance will be resolved
when the N-type current on a certain region of the loop
is replaced by a C-type current. Based on this inference,
thirdly, the radiation field generated from a composite of the
N-type and C-type currents, Enc, is formulated. It is found
that a balanced gain is obtained when the boundary azimuth
angle of the N-type and C-type currents, N, is appropriately
chosen.

The above-mentioned discussions for Eyn, Ec, and Enc,
called the preliminary discussions, do not refer to any practi-
cal elements that produce the N-type and C-type currents.
In the light of this fact, fourthly, using practical N-type
metaatoms for the N-type current and practical C-type
metaatoms for the C-type current, two simulation models
are created for the N-type and NC-type metaloop antennas.
The gain of the N-type metaloop antenna simulation model
composed entirely of N-type metaatoms provides supporting
information for the determination of polarization factor g.
Using the formula for the gain ratio, Gy, derived in the prelim-
inary discussions together with the supporting information,
the unknown value for ¢ in the N-type metaloop antenna sim-
ulation model is successfully determined. Subsequently, this
q value is applied to the G;-Ng chart made in the preliminary
discussions, to obtain the boundary azimuth angle, Ny, for
which the NC-type metaloop antenna simulation model will
realize a balanced gain.

Finally, the NC-type metaloop antenna simulation model
is realized by fabricating a practical antenna. The validity
of the design process toward balancing the gain is con-
firmed by showing good agreement of the simulated and
measured gains. The gain bandwidth, radiation pattern, and
VSWR of the fabricated NC-type metaloop antenna are also
presented.
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