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 
Abstract—When the circumference of a round metaloop 

antenna (RoMLA), made of C-type meta-atoms, is one guided 
wavelength (1g) of the current on the loop, the RoMLA radiates 
a left-hand CP wave at frequency fN and a right-hand CP wave at 
frequency fH in the direction normal to the antenna plane. These 
CP waves have different maximum gains. This paper discusses 
enhancement in the small gain, not affecting the inherent large 
gain. Such uncorrelated enhancement in the gain, named the 
isolated gain enhancement (IsoGE), differs from conventional 
correlated gain enhancement (non-IsoGE). For IsoGE, a parasitic 
ring is inserted into the open space of the RoMLA, while 
maintaining the low-profile RoMLA structure on the order of 
0/100 with0 being the free-space operating wavelength. It is
found that the ring finally transformed into a round patch is
effective for the IsoGE, where the induced current on the patch
contributes to increasing the small gain. The analysis, for the first
time, shows that the axial ratio and VSWR are, respectively, less
than 3 dB and 2 across the 3-dB gain bandwidths around fN and
fH, as desired. Furthermore, the insertion of a square parasitic
patch within the open space of a square metaloop antenna is also
found to be effective for the IsoGE.

Index Terms—circular polarization, dual-band metaloop 
antenna, meta-atom, uncorrelated gain enhancement 

I. INTRODUCTION

HE gain is one of the major characteristics for an antenna 
[1][2]. A loop antenna [3][4] located in free space radiates 

a bidirectional, circularly polarized (CP) beam with a small gain, 
when the loop circumference is one guided wavelength (1g). 
This gain is increased by placing a conducting plate behind the 
loop antenna, as in a spiral antenna [5], where the distance 
between the plate and the loop is set to be /4is the free-
space wavelength at the design frequency). As the antenna 
height is reduced from 0/4 to realize a low-profile structure, 
the gain is decreased. However, recent study has revealed that 
this gain reduction can be mitigated if the conducting plate is 
replaced by an EBG reflector [6]-[10], where the antenna height 
is, for example, approximately 0/10. 

Responding to the emergence of metamaterial [11]-[13], 
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antennas are categorized into a natural antenna group and a 
metamaterial antenna (meta-antenna) group [14]. The 
propagation phase constant, , for the current of the former has 
a positive value, and that of the latter has, at least, a negative 
value. Note that  for the current on the abovementioned loop 
antennas is positive, and hence these loop antennas 
(conventional loop antennas) belong to a natural antenna group. 
Also, note that a transmission line antenna that behaves like a 
-negative (CL circuit, backward circuit) line in the low 
frequency band and a -positive (LC circuit, forward circuit) 
line in the high frequency band [11] is categorized into a 
metamaterial-antenna group, based on the presence of the 
negative current. 

Recently, a flat square CP metamaterial loop (metaloop) 
antenna (SqMLA), which is made of C-type meta-atoms [15] 
and named C-SqMLA, has been created [16], where the antenna 
height is smaller than that for the EBG-backed loop antenna and 
is on the order of 0/100. It has been revealed that the SqMLA 
radiates a left-hand circularly polarized (LHCP) beam at a 
frequency (fN) and a right-hand circularly polarized (RHCP) 
beam at a different frequency (fH), i.e., the SqMLA acts as a 
dual-band anti-CP radiation element unlike conventional 
natural loop antennas. It has also been revealed that the gain for 
the SqMLA at fN is smaller than that at fH; however, it has been 
described that the smaller gain at fN can be enhanced by adding 
a parasitic loop above the SqMLA [17]. Note that this antenna 
structure destroys the attained low-profile flat structure of the 
SqMLA, although the gain at fN is increased.  

As will be summarized in this paper, a round metaloop 
antenna (RoMLA), made of C-type meta-atoms and named a C-
RoMLA, shown in Fig. 1, is known as a dual-band anti-CP 
antenna and suffers from a CP small gain at fN. As done for the 
small gain of the SqMLA, the placement of a parasitic loop 
above the C-RoMLA is a technique of increasing the small gain 
at the cost of the attained low-profile flat antenna structure.  

In contrast, increasing the small gain for the C-RoMLA at fN 
in [18] is performed without using a parasitic element above the 
loop; this is done by increasing the antenna arm length. 

are with the Department of Science and Engineering, Hosei University, 
Koganei, Tokyo, Japan 184-8584. 

A. Mehta is with the College of Engineering, Swansea University, Swansea 
SA1 8EN, U.K. (e-mail: a.mehta@seansea.ac.uk). 

Digital Object Identifier 10.1109/TAP.xxxxxx 

Isolated Gain Enhancement for Dual-Band  
C-Metaloop Antennas Using a Coplanar

 Compound Method 

Hisamatsu Nakano, Life Fellow, IEEE, Tomoki Abe, Member, IEEE,  
Amit Mehta, Senior Member, IEEE and Junji Yamauchi, Life Fellow, IEEE 

T

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2023.3267174

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: SWANSEA UNIVERSITY. Downloaded on June 05,2023 at 09:36:30 UTC from IEEE Xplore.  Restrictions apply. 



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

2 

However, the increase in the arm length causes complex 
antenna design and high fabrication cost; in addition, another 
gain at fH changes with additional arm length. Such 
enhancement is called the non-isolated gain enhancement (non-
IsoGE) because it is against the definition of the isolated gain 
enhancement (IsoGE) where one of the two gains for a dual 
band anti-CP antenna is enhanced, not affecting the other gain. 
Note that IsoGE provides more freedom than the non-IsoGE in 
the design of CP communication systems. 

Table I summarizes the gain enhancement (relative to the 
initial gain) of the prior CP metamaterial antennas [16], [18], 
[19], [20], [21], where GLH and GRH denote the LHCP and 
RHCP gains, respectively. The antenna structure using C-type 
meta-atoms [16], [18], [19], [21] acts as a dual-band antenna, 
and the antenna structure using quasi-N-type meta-atoms [20] 
also acts as a dual-band antenna. On the other hand, the antenna 
structure using N-type meta-atoms [19] acts as a single-band 
antenna. For comparison, the characteristics of the antenna 
realized in this paper is also presented in advance. Table I points 
out that the small gain of the conventional dual-band 
metamaterial antennas is increased, while decreasing 
undesirably the inherent/initial large gain. The prior work has 

not succeeded in an uncorrelated gain enhancement, i.e., IsoGE. 
Note that the GLH in the initial stage of the antenna in [20] using 
quasi-N-type meta-atoms is decreased in the final stage, while 
GRH is increased. It follows that all prior antennas in Table I, 
except for the present work, do not realize IsoGE. 

In this context, this paper investigates the IsoGE for a dual-
band anti-CP metaloop antenna to obtain more freedom in the 
gain control. For this, a parasitic ring and its extremity (patch) 
are placed within the open space of the loop, having the same 
antenna height as the loop (coplanar compound method). The 
present paper clarifies the radiation characteristics of the 
metaloop antenna with the patch, including the VSWR, axial 
ratio, gain, and radiation pattern, for the first time. 

The paper is composed of six sections. Section II revisits the 
C-RoMLA and briefly summarizes the basic radiation 
characteristics, which are obtained using an EM simulation tool 
[22]. The simulation clarifies an issue of gains GLH and GRH. 
Section III proposes placement of a conducting ring within the 
open space of the loop; we name this compound the RoMLA-
RING and investigate the gain behavior at fN and fH, changing 
inner radius rring of the ring that has outer radius rRING, i.e., 
changing ring width wRING (= rRING – rring). The investigation 
reveals that the ring transformed into a patch (at the extremity 
of the ring width: rring = 0, or wRING = rRING) is effective for the 
IsoGE. The RoMLA with the patch is named the RoMLA-
PATCH. Section IV confirms the validity of the analyzed 
antenna characteristics obtained in section III by measuring 
fabricated RoMLA-PATCHs. For further information, section 
V realizes the IsoGE for an SqMLA using the co-planar 
compound method, where a square parasitic patch is placed 
within the open space of the loop. Finally, section VI 
summarizes the obtained results in this paper.  

Important comments C-1, C-2, and C-3 are made here to 
further clarify the novelty and effectiveness of the presented 
RoMLA-RING and RoMLA-PATCH, in addition to the 
difference in the patches used in [19] and those in the presented 
paper. C-1: Table II summarizes representative examples of the 
gain enhancement of conventional natural CP antennas [23], 
[24], [25], [26], [27]. Each operates across only a single band 
(NBND = 1) with single polarization (NPOLAR = 1), where the 
number of parasitic elements is equal to one or more than four 
(Nparas ≥ 4). In contrast, the present antenna (whose details are 
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Table I. Examples of gain enhancement of CP metamaterial antennas. Arrows show the increased, decreased, and unchanged gains relative 
to the initial gains. 

IsoGE 

NA 
  

No 
  

NA 
NA 

  
No 
  

No 
  

Yes 
Yes 

Fig. 1. Round metaloop antenna made of C-type metaatoms, C-
RoMLA, where DGP = 110 mm. (a) Perspective view. (b) Top 
view. (c) Side view. 
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described later) is characterized by NBND = 2, NPOLAR = 2, and 
Nparas = 1. This means that the present antenna extends 
capability of CP communication systems, having a simple 
structure. Note that antennas in [26], [27] lose a low-profile 
structure. Also, note that the natural antennas in Table II are 
unrelated to IsoGE because of NBND = 1; in addition, to the best 
of authors’ knowledge, there has not been work on the IsoGE 
for natural and metamaterial CP antennas using a parasitic 
coplanar ring or its extremity (patch). Hence, it is worth 
investigating the combination of a metamaterial dual-band 
antenna and a natural parasitic ring from a viewpoint of the 
IsoGE.  

C-2: The research purpose in [19] is to investigate the
influence on the radiation characteristics of additional device 
that is inserted into the open space of an N-RoMLA, made of 
N-type meta-atoms [15]. The loop circumference is unusually
large (compared with 1.70 of the work in this paper): 30, 40,
and 50 with 0 being the free-space wavelength at a design low
frequency. The additional device is generalized/substituted by
a patch, which is not aimed to increase the gain. It follows that
the research purpose, process, and findings for the large N-
RoMLA with a patch in [19] obviously differ from those for the
C-RoMLA to be discussed in this paper. The contents of paper
[19] have nothing to do with IsoGE, although it shows that the
gain for the N-RoMLA and C-RoMLA without a parasitic patch
is increased as the loop circumference is increased.

C-3: The C-RoMLA in this paper exceeds the N-RoMLA
[19] in the antenna performance; the former can operate as a
dual-band anti-CP antenna: NBND = 2 and NPOLAR = 2, while the
latter only operates across a single band with single
polarization: NBND = 1 and NPOLAR = 1. Hence, this paper
focuses on the C-RoMLA based on this advantage. From now
on, “RoMLA” and “SqMLA” mean “C-RoMLA” and “C-
SqMLA,” respectively, unless otherwise noted, i.e., both are
made of C-type meta-atoms [15], which are realization of the
cells for a CRLH transmission line [11].

II. BRIEF SUMMARY AND CLARIFICATION OF GAIN ISSUE FOR 

AN ROMLA 

The fundamental information on RoMLA is available from 
[18], [20]. Therefore, this section presents the minimum 
information required for understanding this paper.  

The dispersion diagram for the C-type meta-atom [15], used 
as a radiation element for the RoMLA in Fig. 1, is shown in Fig. 
2. Note that the configuration and parameters of the C-type
meta-atom are, respectively, summarized in Appendix-Fig. A

and Appendix-Table.  
The center line of the loop has radius RMLA, and both the 

ground plane and the dielectric substrate have the same radius 
of RGP = DGP/2 (= 55 mm). The RoMLA is excited at point F, 
to which the inner conductor of a coaxial line is connected. The 
end of the loop, T, is connected by a vertical conducting pin 
(diameter of 2rVIA = 1.0 mm) to the ground plane through 
resistive load RB (= 60 ohms). If the resistive load RB is not 
inserted, the current at point T on the loop does not completely 
die out and travels back to the feed point F. By absorption of 
the remaining current at point T using RB, the RoMLA becomes 
a traveling wave antenna (a leaky wave antenna) of a one-way 
current from point F. Note that the radiation efficiency and the 
axial ratio under the conditions of matched load RB and fixed 
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Table II. Examples of gain enhancement of natural CP antennas. 

Fig. 2. C-type meta-atom. (a) Dispersion of  β/k0, where k0 is 
the phase constant in the free space, and β is the phase 
constant of current on the meta-atom. (b) Guided wavelength λg 
of the current on the meta-atom. 
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loop circumference are affected by the propagation attenuation 
constant of the current (which is frequency-dependent) related 
to the arm width and thickness of dielectric substrate relative to 
the operating wavelength.  

The circumference of the loop, 2RMLA ≡ CMLA, as a function 
of frequency f is shown in Fig. 3, where CMLA is normalized to 
the guided wavelength g shown in Fig. 2(b). Note that a 
circularly polarized (CP) broadside beam appears at the 
frequency where the loop circumference is one guided 
wavelength (CMLA = 1g) and close to one guided wavelength 
(CMLA ൎ 1g).  

There are two frequencies, called nion frequency fN and hion 
frequency fH, where the loop circumference equals 1g and 
meets the requirement of CP broadside/axial radiation. For 
example, when a value of CMLA = 200 mm is chosen, nion 
frequency fN is 2.60 GHz and hion frequency fH is 3.42 GHz. 
The following discussion is performed using CMLA = 200 mm 
as a representative example. This circumference is 
approximately 1.70 at fN, which allows a parasitic element to 
exist within the open space of the loop and increase the antenna 
gain, as will be discussed in Section III. 

Fig. 4 shows the simulation results of the frequency response 
of the gain for the RoMLA in the z-direction. The maximum 
gain for an LHCP wave, GLH, appears at 2.6 GHz (= fN), while 
the maximum gain for an RHCP wave, GRH, appears at 3.5 GHz 
(ൎ fH), as expected. The values of these gains are not the same. 
The reason for this unbalance is attributed to the difference in 
the electrical antenna size with respect to the free-space 
wavelength; CMLA/0 at 2.6 GHz is smaller than that at 3.5 GHz. 
This brings a difference in the radiation patterns at the two 
frequencies of fN and fH, resulting in the different gains.  

For reference, Fig. 5 shows the simulated radiation patterns 
when the maximum gains of GLH and GRH (denoted as initial 
gains GLH0 and GRH0, respectively) appear; these radiation 
patterns are normalized to the respective maximum intensities 
in the z-direction, and ELH and ERH denote the LHCP and RHCP 
radiation field components, respectively. The current on the 
loop at 2.6 GHz has a negative propagation phase constant ( < 
0, leading to a progressive phase progression) and behaves as if 
it flows clockwise, resulting in ELH being a principal field 
component. In contrast, the principal field component at 3.5 
GHz near fH is ERH, resulting from the current of a positive 
propagation phase constant ( > 0, leading to a regressive phase 
progression and a counterclockwise current flow). 

III. ISOGE FOR THE ROMLA USING A COPLANAR COMPOUND 

METHOD  

A. Gain

As summarized in Section II, the representative RoMLA
radiates a CP unidirectional beam in the z-direction and has two 
different maximal gains of GLH0 and GRH0, where GLH0 < GRH0. 
The challenging work in this paper is to realize the IsoGE for 
the RoMLA, i.e., to increase the small gain GLH0 appearing 
at/near fN, not affecting the inherent/initial large gain GRH0

appearing at/near fH. Note that, as described in Introduction, the 
N-RoMLA in [19] is a single band antenna and hence it does
not need to discuss IsoGE; remember that IsoGE applies to only
a dual-band CP antenna.

To enhance the gain GLH0 (initial gain), a conducting parasitic 
ring is printed within the RoMLA, as shown in Fig. 6(a). This 
compound is denoted as RoMLA-RING. The height of the ring 
is the same as that of the loop (coplanar compound method). 
The ring is specified by outer ring radius rRING, inner ring radius 
rring, and ring width wRING = rRING rring. Fig. 6(b) shows the 
gain behavior observed at 2.6 GHz = fN and 3.5 GHz ൎ fH as a 
function of wRING, where rRING is chosen to be 19.0 mm and 
fixed: rRING = 19.0 mm. Note that this ring radius rRING is close 
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Fig. 3. Relative loop circumference CMLA/g as a function of 
frequency with loop circumference CMLA as a parameter. 
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to the radius rexp (= 19.5 mm) in the following Eq. (1) for a 
round patch antenna working in TMz

110 mode at f = fN = 2.6 
GHz [28], where rexp is obtained by solving Eq. (1) after 
substituting Eq. (2) into Eq. (1). 
 

 𝑟 ୶୮ ൌ
௥౛౜౜

ටଵା
మಳ

ഏച౨ೝ౛౮౦
ሺ୪୬

ഏೝ౛౮౦
మಳ

ାଵ.଻଻ଶ଺ሻ
                (1) 

where 

  reff = 
ଵ.଼ସଵଶ

ଶగ஼బ௙√ఌ౨
                                       (2) 

 
with C0 being the velocity of light. 

The situation where width wRING is zero means that the ring 
does not exist, and the situation where wRING equals the outer 
ring radius rRING (hence, inner ring radius rring = 0) means that 
the ring is transformed into a round patch. Fig. 6(b) points out 
that, with increase in wRING, the gain GLH at fN decreases from 
the initial gain GLH0 to a minimum value; after passing it, the 
gain GLH increases and reaches a maximum value, which is 
larger than GLH0. During the change in wRING, the large gain near 
fH remains unchanged. Thus, the IsoGE is realized when wRING 
= rRING (patch structure) and wRING ൎ rRING.  

Based on the usefulness of the patch structure for the IsoGE, 
the frequency response of gain is investigated with patch radius 
rPATCH as a parameter. Fig. 7 depicts the simulation results of 
the gain. It is found that all maximum gains of GLH for the 
RoMLA-PATCH is larger than the initial GLH0, while the 
maximum gain of GRH remains unchanged. The increase in GLH 
is more than 3 dB, depending on rPATCH. This is due to the strong   

coupling of the parasitic patch to the RoMLA, in other words, 
the generation of the currents on the patch. 

Table III summarizes the difference between patch radius 
rPATCH where gain GLH is maximal at frequency f (found in Fig. 
7) and rexp given by Eq. (1) at the same frequency f. As seen 
from the Table, Eq. (1) is useful to infer the patch radius rPATCH 
for strong coupling.  

To provide deep insight on the coupling state, Figs. 8(a) and 
(b) show the frequency-domain electric field distributions 
(FreqD E-distributions) for the RoMLA itself (without a patch) 
and RoMLA-PATCH, respectively. Both are observed at 2.7 
GHz. It is clear that the electric field spreads out within the open 
space of the RoMLA due to coupling of the patch to the 
RoMLA. For supplementary information, Fig. 8(c) shows the 
FreqD E-distribution when the patch is short-circuited by a 
single conducting pin extending from the center point of the 
patch to the ground plane. The behavior in Fig. 8(c) is found to 
be almost the same as that in Fig. 8(b), because the electric field 
intensity around the z-axis in Fig. 8(b) is extemely weak and 
hence the coupling is not affected by the presence of the 
conducting pin. However, when the outer edge of the patch is 
short-circuited by numerous pins, the resonance disappears, as 
shown in Fig. 8(d), where 32 pins are used. Note that the FreqD 
E-distribution at 2.7 GHz, Fig. 8(b), is changed into that shown 

Fig. 6. RoMLA-RING. (a) Configuration, where the 
circumference of RoMLA is CMLA = 200 mm and the outer radius 
of a ring is rRING = 19.0 mm. (b) Gains observed at 2.6 GHz = fN 
and 3.5 GHz ൎ fH with ring width wRING as a parameter. 
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Fig. 7. Gain of RoMLA-PATCH as a function of frequency with 
patch radius rPATCH as a parameter, where CMLA = 200 mm. Note 
that the simulated RHCP gains (GRH) for three rPATCH cases are 
superimposed. 
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Table III. Comparison between rPATCH and rexp. 

f rexp rPATCH 

2.50 GHz 

2.60 GHz 

2.70 GHz 

20.3 mm 

19.5 mm 

18.7 mm 

19.5 mm 

19.0 mm 

18.5 mm 

𝑟 ୶୮ െ 𝑟୔୅୘େୌ
𝑟୔୅୘େୌ

 

4.1% 

2.6% 

1.1% 
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in Fig. 8(e) when frequency is changed to 3.5 GHz. It is 
confirmed that the patch has no coupling of the RoMLA, 
resulting in maintening the initial large gain GRH0. 

We focus on the time-domain current distribution (TimeD J-
distribution) for the RoMLA-PATCH in the coupling state at 
2.7 GHz, because of no effect of the patch on the large gain 
GRH0 at 3.5 GHz. Fig. 9 shows the TimeD J-distribution at 2.7 
GHz. It is found that the currents on the parasitic patch, 
generated by coupling to the loop, are in the same direction. 
These rotate clockwise, as the current on the loop. As a result, 
the enhancement of the LHCP gain GLH is realized. 

B. Radiation pattern and input characteristic

In addition to the gain, other characteristics for the RoMLA-
PATCH are investigated in this subsection, where the parasitic 
patch radius is set to be rPATCH = 18.5 mm as a representative 
example. 

 Fig. 10 shows the radiation pattern when the gains GLH and 
GRH for the RoMLA-PATCH reach respective maximum values. 
The radiation pattern at 2.7 GHz has an EL-half-power beam 
width (HPBW) of 63o, which is narrower than that of 70o in Fig. 
5(a). This is consistent with antenna theory that a narrower 
HPBW leads to a higher directivity (gain). Note that the ER-
HPBW in Fig. 10(b) and that in Fig. 5(b) are almost the same 

(45o), resulting in no remarkable change in the gain GRH, as 
shown in Fig. 7, where GRH’s for three rPATCH cases are 
superimposed. 
     Fig. 11 shows the frequency response of the axial ratio (AR) 
for the RoMLA-PATCH. The shaded area denotes the 
frequency region for 3-dB gain bandwidth, GBW. It is found 
that the AR across the LHCP GBW is stable with a value of less 
than 3 dB. This holds for the AR across the RHCP GBW. As 
additional information, the simulation results in the absence of 
the patch (i.e., RoMLA itself) is also shown in Fig. 11. A 
comparison of the axial ratios for the RoMLA-PATCH and the 

Fig. 8. Frequency-domain electric field distribution (FreqD E-
distribution) at 2.7 GHz and 3.5 GHz. The patch has a radius of 
rPATCH = 18.5 mm.  The observation frequency in Fig. (a) to (d) is 
2.7 GHz, and that in Fig. (e) is 3.5 GHz. (a) RoMLA in the absence 
of the patch. (b) RoMLA-PATCH, where the patch is open-
circuited. (c) RoMLA-PATCH, where the patch is short-circuited 
by a single center conducting pin. (d) RoMLA-PATCH, where the 
edge of the patch is short-circuited by 32 conducting pins. (e) 
RoMLA-PATCH, where the patch is open-circuited at 3.5 GHz. 
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Fig. 9. Time-domain current distribution for the RoMLA-PATCH, 
where the patch radius is rPATCH = 18.5 mm. T is one time-
periodicity. At 2.7 GHz, where  < 0.  
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GHz. (b) At 3.5 GHz. 
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RoMLA reveals that the inserted patch does not remarkably 
affect the axial ratio for the RoMLA. 

The frequency response of the input characteristic in terms of 
the VSWR for the RoMLA-PATCH is shown in Fig. 12. For 
comparison, the VSWR for the RoMLA in the absence of the 
patch (i.e., RoMLA itself) is also shown in this figure. It is 
found that the presence of the patch does not deteriorate the 
VSWR, as in the case of the axial ratio. The VSWR across the 
3-dB gain bandwidth is found to be desirable with a value of 
less than 2. 

As mentioned in section II, the arm end of the loop is 
terminated by resistive load RB, which absorbs non-radiated 
power remaining at point T. The ratio of the radiated power to 
the input power is called the radiation efficiency, RAD. Fig. 13 
shows the simulation results of the radiation efficiency for the 
RoMLA-PATCH. For comparison, the radiation efficiency of 
the RoMLA in the absence of the patch (i.e., RoMLA itself) is 
also presented. It is found that the insertion of the patch into the 
RoMLA increases RAD around nion frequency fN, while almost 
maintaining RAD around hion frequency fH. These results, 
obtained using the EM simulation tool [22], are in good 
agreement with those obtained using an estimation equation 
specified by S parameters. 
 

𝜂ୖ୅ୈ ൎ 1 െ |S11|ଶ െ |S21|ଶ                         (3) 

 
where the dielectric loss and conducting loss along the loop are 
assumed to be negligibly small. Simulation for S21 by [22] is 
performed using the input port (1) at F (waveguide-port) and 
the output port (2) at T (discrete-port). 

IV. MEASUREMENT RESULTS FOR THE ROMLA-PATCH 

 To confirm the antenna characteristics for the RoMLA-
PATCH, the measurement is performed using fabricated 
antennas. One of the fabricated RoMLA-PATCHs is shown in 
Fig. 14, where the patch radius is rPATCH = 18.5 mm. The 
measured results of the gain, radiation pattern, axial ratio, and 
VSWR are added to Figs. 7, 10, 11, and 12, respectively, which 
show reasonable agreement with the simulation results. 

V. ISOGE FOR A SQMLA USING A COPLANAR COMPOUND 

METHOD  

The sections III and IV reveal the radiation characteristics for 
the RoMLA-RING and RoMLA-PATCH, where the LHCP 
gain, GLH, is enhanced by a coplanar compound method, not 
affecting the RHCP gain (IsoGE). This section presents another 
discussion for the IsoGE for a square metaloop antenna, 
SqMLA. 
   A compound antenna consisting of the SqMLA and a 

Fig. 14. An example of a fabricated RoMLA-PATCH, where the 
patch radius is rPATCH = 18.5 mm. 
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Fig. 12. VSWR for the RoMLA-PATCH, where the patch radius 
is rPATCH = 18.5 mm. The VSWR for the RoMLA in the absence 
of the patch is also illustrated as additional information. 
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rPATCH = 18.5 mm. The AR for the RoMLA is also illustrated as 
additional information.  
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Fig. 13. Radiation efficiency for the RoMLA-PATCH, where the 
patch radius is rPATCH = 18.5 mm. The radiation efficiency for the 
RoMLA in the absence of the patch is also illustrated as additional 
information.  
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conducting coplanar parasitic square patch is shown in Fig. 15, 
and is designated as the SqMLA-PATCH. The SqMLA is made 
of numerous C-type meta-atoms. Note that the meta-atom used 
here is already illustrated in Appendix-Fig. A, with parameters 
given in Appendix-Table, and is characterized by the dispersion 
diagram in Fig. 2. The perimeter of the SqMLA and the patch 
side length are denoted as CSqMLA and LPATCH, respectively. The 
center point of the patch is coincident with center point of the 
SqMLA. The ground plane backing the dielectric substrate is 
square and the side length is SGP (= 110 mm). 

Fig. 16(a) shows the frequency response of the gain for the 
SqMLA before the patch is inserted, where CSqMLA = 4Lside = 
208.4 mm, which becomes 1g at 2.61 GHz for  < 0 and 3.40 
GHz for  > 0 in Fig. 2. It is found that gains GLH and GRH reach 
respective maximum values near these frequencies. It is also 
found that the maximum LHCP gain is smaller than the 
maximum RHCP gain: GLH0 = 3.5 dBi and GRH0 = 9.2 dBi. Fig. 
16(b) shows the frequency response of the gain for the SqMLA-
PATCH with patch side length LPATCH as a parameter. It is 
revealed that GLH is enhanced, while GRH remains unchanged. 
Thus, the IsoGE for the SqMLA is realized. Note that the three 
values of GRH are almost superimposed. 

As in the case of the RoMLA-PATCH, the increase in GLH is 
attributed to coupling of the patch to the SqMLA. For a better 
understanding of this fact, Fig. 17 shows one example of the 
TimeD J-distribution (time-domain current distribution) at 2.75 
GHz, where GLH for the SqMLA-PATCH is at its maximum 
value, with a patch side length of LPATCH = 31.5 mm. It is found 
that the patch is coupled to the SqMLA and the current on the 
patch rotates clockwise due to the negative propagation phase 
constant ( < 0) of the current on the SqMLA. The radiation at 
2.75 GHz is LHCP.  

Although not illustrated, the simulation results show that 
there is no remarkable coupling of the patch to the SqMLA at 
3.55 GHz, where the right-hand CP gain, GRH, is at its 
maximum value. As a result, GRH for the SqMLA without the 
patch remains unchanged, as desired. The current at this 

Fig. 15. Configuration of the SqMLA with a conducting coplanar 
patch whose side length is LPATCH. 
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Fig. 16. Gain as a function of frequency. (a) SqMLA.  (b) SqMLA-
PATCH, where the patch side length (LPATCH) is used as a 
parameter. Note that the simulated RHCP gains for three values 
of LPATCH are almost superimposed. 
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frequency rotates counterclockwise due to a positive , and the 
SqMLA-PATCH radiates an RHCP wave. 

Finally, we estimate the frequency at which strong coupling 
occurs and GLH reaches a maximum value. For this, we 
calculate the patch resonance frequency, feq, using Eq. (4) [28]. 
 

𝑓 ୯ ൌ  
஼బ
ଶ√ఢ౨

 ሺ
ଵ

௅ౌఽ౐ిౄାଶ∆௅ౌఽ౐ిౄ
ሻ                        (4) 

 
where LPATCH ൎ 0.5B. Table IV shows feq for different patch 
side lengths, together with the maximum GLH frequency, fsim, 
obtained from Fig. 16(b) (simulation results). It is found that the 
difference between feq and fsim is small. Hence, Eq. (4) can be 
used for estimating the frequency at which GLH is at its 
maximum value, realizing the IsoGE.  

VI. CONCLUSION 

 The RoMLA has the LHCP gain, GLH, near nion frequency 
fN, which is smaller than the RHCP gain, GRH, near hion 
frequency fH. To realize the IsoGE (isolated gain enhancement) 
for the RoMLA, a conducting parasitic ring has been inserted 
into the RoMLA, denoted as RoMLA-RING. When the ring is 
transformed into its extremity (a round patch), the patch is 
electromagnetically coupled to the RoMLA, and the current is 
generated on it, resulting in the radiation of an LHCP wave. It 
is found that the GLH is increased, while not affecting the gain 
GRH. Thus, the IsoGE has been realized. The parasitic patch 
radius and coupling frequency for such an IsoGE state are well 
estimated using a patch antenna operating in the TMz

110 mode. 
The measurement results, including the gain, radiation pattern, 
axial ratio, and VSWR of the C-RoMLA with the patch show 
reasonable agreement with the simulation results. 

Further investigation has revealed that an SqMLA with a 
parasitic patch (SqMLA-PATCH) has an increased LHCP gain 
with almost unchanged RHCP gain. Thus, the IsoGE for the 
SqMLA has been realized. It is found that the parasitic square 
patch size for the IsoGE can be estimated by the size of a fed 
square patch antenna.  

APPENDIX 

C-TYPE META-ATOM  

A section of length patm shown in Appendix-Fig. A is called 
a C-type meta-atom, which is supported by a grounded 
dielectric substrate of thickness B and relative permittivity r. 
Notation p0 is the length of a conducting small strip and notation 
g is the gap between neighboring strips. A chip element of 

inductance LY is inserted between the ground plane, GP, and the 
end of a conducting pin of diameter 2rVIA, which extends 
vertically from the center strip of length p0; a chip element of 
capacitance 2CZ is inserted into the gap of g. 

Appendix-Table presents the parameters for the C-type meta-
atom used in this paper, which are optimized such that the 
transition frequency, fT, is 3 GHz, as shown by the dispersion 
diagram in Fig. 2, where  is the propagation phase constant of 
the current on the C-type meta-atom and k0 is the wave number 
in free space.  
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